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v FOREWORD

- This report contains the proceedings of the FDL-sponsored symposium

and workshop held at Wright-Patterson AFB on 9-10 October 1979. The papers
contained herein were prepared by various authors. The report editors were
Lt Robert B. Crombie and David J. Moorhouse of the Flying Qualities Group.

The symposium manager was Lt Crombie.

The work was performed under Program Element 62201F, Project 2403,
Task 05, Work Unit 32. This is an interim report for the time period of
March 1979 - February 1980.
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OPENING REMARKS
Dr. Walter R. Beam
Office of the Assistant Secretary
(Research, Development and Logistics)
Department of the Air Force

I was very pleased to be asked to open this conference. This group
can take much credit for the progress we've been making in flight control
--the F-16, the F~18 and the AMST. I recall that the early state-of-the-
art could be characterized by the longitudinal free-stick and fixed-stick
stability and that was it. In more recent times you have put the pilot
in the loop; he's neither "free" nor "fixed". By understanding him, you
have learned finally to cope with pilot-induced oscillations. The early
days put emphasis on flying straight and level with modest angle of attack.
But now you can handle many with aspects of high-angle-of-attack, and the
post-departure regime. 1In the flying qualities area, obviously, we are
moving toward what are now called six-degree-of-freedom systems, in which
the conventional control capabilities must be enhanced. We can make the
airplane fly more or less straight up, or straight to the side, but we
still haven't characterized just how best to command those motions.

With the six degrees of freedom you've either got to have six control
degrees of freedom, or "fudge it". 1I've seen several versions of this
kind of control, and it's looking better (i.e. more natural to use) every
time.
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The multi-function control/display seems to be permanently with us;
it's the only known way to portray a complex weapon system in shrinking
panel-space. The software which controls the mode of weapon system and
display has become a critical piece of the weapon system design. The
pilot's got to understand very quickly what mode he's in, otherwise he
will get in trouble. We are considering modes of operation that are
enough different from one state (for example, strafing) to another that one
just won't be able to get to some places he'd like to be in an instant.
In years past, the only answer was to provide controls for the fingers,
elbows, ankles and so on, to move a dozen or more control surfaces.
Today, with full-up fly-by-wire, we can preplan any number of automatic
control couplings for different mission phases. A thing that is very
challenging is the opportunity, presented by programs such as AFTI, to
fly the aircraft automatically or semi-automatically to meet a solution in 6-
dimensional space such that one can deliver weapons while highly maneuvering.
In the past, need for a precision straight-line approach in bombing has
made the attacker highly vulnerable to surface weapons. Releasing weapons
in such a maneuver has to be done by automatic means. An important question
1s: how much flying does the pilot do, and how much does the autopilot.
It is a challenging one.

Another area that should motivate this group is VTOL and STOL concepts.
Pressures still grow toward overcoming the problems of operating on emer-
gency or battle-damaged airfields. If those pressures can result in cost-
effective airplanes, we'll probably get some.
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The mode-blending business in flight control is something which must
be solved in AFTI. This is, when you switch from one mode to another mode,
how does the system make the transition, as a function of aircraft state
and control positions? That's principally a safety matter.

When one mode and another are very different, and a control actuator has
one function in one mode but another function in the other mode, some system
guy has to sit down and decide what to do., And there will be a large number
of cases to be verified.

We're going to see a lot more exciting action in the digital flight
control business. We have really only scratched the surface, though there
have been some very key experimental activities in aircraft and space
vehicles. The major benefit of digital flight control is that it allows
major functional changes to be made in the flight control system through
software alone. However, software is a strange mistress; and you had best
understand thoroughly what you are doing, else results can be hair-
raising. Designing the functional operation, let's say for an automatic-
tracking aerial gunnery mode will be much more complex than implementing a
3-axis autopilot of the conventional sort. The problem is not so simple
as that of aiming the airplane toward the target. What's the pilot doing?
Will he be "out of the loop", possibly suffering from vertigo so that he
will not really care? Or, if he's in the loop, how can we make him more
effective? How can we take an individual who has been acting as a human
loop-closer in a servo system and use him as an adaptive "adjustor" rather
than a servo~-follower? Rather than putting him in-line, can we give him
coarse tracking, or merely supervisory control and still give him the feel-
ing that he's in charge? A very interesting problem.

There is a serious question as to whether, in the future, we should
assign the pilot any tracking tasks such as getting the gun or bombsight
lined up. General gpeaking, tracking tasks tend to absorb brain power to
a degree which is probably unaffordable in a complex combat environment.

If one 18 in a tracking loop of one (or more) cycles per second time
constant, you are full time at that task., The task is even tougher with
limited control authority, requiring constant attention to avoid permanent
loss of track. How, then, do we move to take the pilot out of the loop,
replacing him by a superior sensor, where the pilot flys for strafing, flys
a fast-response amplifier, and letting his more facile brain be used for
less time-critical but more subtle decisions? Another facet of the over-
all problem is that of evasive maneuvering. Should autopilots also manage
evasive maneuvers? This brings up the very broad question of the pilot-as-
passenger.

The tactical Air Force pilot probably would not like to be thought of
as a passenger in his own plane; however, in the large transport business,
most of the time those $75,000-a-~year pilots are passengers, The airplane
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3 is pretty much flying itself except in emergencies. With the pilot acting
in a supervisory role, he's mostly a back-up to the automatic systems. He
must be able to take the controls in an "exceptional event". But how does
one know when there is an exceptional event? Blow a horn or a siren?

One of the most serious problems with emergency warning systems is keeping
the man enough involved, that when the time comes he can take over. The
entire issue of warning of exceptional events is a fertile field for better
man-machine techniques. Most present systems give threshold-type warnings,
and demand immediate action. What we would like is a less crisis-oriented
approach, perhaps. Angle-of-attack indicators on modern aircraft can be
much more helpful than "stall horns".

I am getting increasingly ~oncerned about the depth of our understand-
ing of the pilot; his work loading is growing rapidly. Thus far, analyses
have mostly considered the pilot as a link in a linear servo control system.
As such, his frequency-amplitude -4d -phase characteristics are becoming
reasonably well known, though they vary from pilot to pilet. This is useful
to understand. At least some of the time, the pilot is tracking something,
He's tracking an enemy target, or a precision landing. But we understand
very little about the pilot as a sensor. Work with visually equipped flight
sensors only has increased our curiosity about how the pilot uses visual
and motion cues. The pilot, after several thousand hours of flying, gets
very good at it. He ignores motion cues during instrument flight because
the motion cues are untrustworthy. (In order to understand the motion cues
you must perform an integration; the brain is not a good integrator.)

Visual cues are best, but motion cues give indication of acceleration while
visual cues ''read out" only position and relative velocity. Chances are that
the advanced 6-degree-of-freedom aircraft will demand additional cueing
indications; perhaps our work with simulators will provide the clues to
better cues!

The pilot's perception of aircraft handling or aircraft flying qualities
is very important. We design a good airplane, one that has no bad character-
istics, and pilots don't 1like it. Except for unresponsiveness or instabilities,
however, it's hard for most pilots to pinpoint the subtle problems. Some flight
simulators, for example, have had unpleasant handling, which only detailed
examination of the design could resolve. An everyday example of operator
perception of performance is found in automobiles. An automobile which
has a weak throttle-spring will seem to give responsive performance. One with a
strong throttle spring feels sluggish., This you have on airplanes too. If
the controls are stiff or must move far, it's unresponsive; 1f control gain
is large and restoring force small, it may be termed "too sensitive".
Most of the data on this topic is totally subjective. We really don't know
much about the effect of control motions--including reaching for switches and
knobs--on the difficulty of the overall piloting job.

An interesting problem that's coming up (I'm sure you've been aware
of the A-10 two-seat version) is flying an airplane through a "scope" image




of the outside world. Intuition says that too small a screen will greatly
complicate the problem; it also suggests that a screen with the same visual
coverage one would get in clear weather. Intuition also suggests that a
30-per-second frame-rate is better than a typical radar scan rate. In all
cases, intuition needs to be bolstered by testing and analysis. Such a
display lacks stereoscopic effects, but how important is stereo vision
when objects are hundreds of feet away? At those ranges, we probably
depend on the change of perspective as we move closer to an object. If we
understood better the use of visual information in terrain following/
avoidance, it would no doubt help us do a better job in other visually-
controlled tasks.

Low-speed handling will probably be receiving more and more attentionm.
The special control problems of either propulsive lift or vectored thrust
(or anything close to the ground) are most important. Also, the devices
that we put on the aircraft to slow us down or to give extra lift change
the handling characteristics significantly. Relatively little work has
been done on handling characteristics at low speeds, and in ground effect.
A good multimode flight control will need to address specifically the
takeoff and landing. The delicate issue of flying qualities at moments
when a part of the weight of the airplane is on the landing gear is often
put aside because the transition takes only a few seconds. However, there
are probably more accidents in those few seconds, per unit flying time,
than in any other phase. There are many other factors for which fly-by-
wire can compensate: External stores--we have to put things on the outside
of many alrplanes; we have widely varying fuel loads. An intcresting
question is whether we should have systems that cnun iGap-ively adjust ones that
are preprogrammed and coupled to stores and fuel uwanagement systems, We will
need to couple flutter control and flight control "loops', and eventually
(as in Apollo) will need to address schemes which will compensate for un-
planned events such as battle damage.

I believe that we are in one of the most challenging areas of aero-
nautical development, one in which analytical techniques can be nicely com-
bined with experimental techniques, and one in which many disciplines must
work together. One must understand aerodynamics in order to understand the
control problems; he must understand control system techniques to understand
what and how much control surface is needed., He must also understand the
"people problems"”, the subjective responses of an individual flying an
airplane. With a close interplay of all three elements, the new technology
promises major improvements of the usefulness of our military aircrafc.
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HIGH ACA IATERAL-DIRECTIONAL DESIGN GUIDES AND CRITERIA —
A PILOTED SIMULATION ASSESSMENT

INTRODUCTION |

For a nunber of years, a principal concern of the fighter aircraft
industry has been design for high AOA departure resistance. Departure
is defined (Ref. 1) as:

"...the event in the post-stall flight regime which pre-
_ cipitates entry into a post-stall gyration, spin, or
. ] deep-stall condition. The departure may be characterized
g by divergent, large-amplitude, uncommanded aircraft motions,
such as nose-slice or pitch-up. Departure is synonymous !
with complete loss of control."
However, pilots generally place a rate threshold on the uncommanded motion.
Rates below the threshold are interpreted as natural warning that a limit
is being (has been) reached and to back off to regain positive control.
If the ajircraft returns to controlled flight the aircraft is considered
departure resistant. Rates above the threshold raise the distinct problem
of the pilot not being able to prevent the uncommanded motion from continu-
] ing. If this is the case (e.g., after a slight delay in neutralizing con-
trols), the aircraft is considered departure susceptible. The aircraft is
considered extremely susceptible to departure if departure generally occurs
with the normal application of pitch control alone or with small roll and
yaw control inputs (Ref. 1).

Thus, departure susceptibility involves two aspects: open-loop static
and dynamic stebility, and pilot/vehicle closed-loop stability. The first
is relatively straightforward to predict or demonstrate, including the
influences of steady aggravated control inputs. The second is not since
it may be dependent upon pilot technique and/or skill.

The assessment of high AOA flying characteristics reported in this paper
has resulted from interaction between two research programs* sponsored by

*Contract F33615-76-C-3072, Identification of Key Maneuver-Limiting
Factors; Contract F33615-T8-C-3604, High AOA Design Guides and Flying
Qualities Criteria.




the FDL/FGC. One is concerned with identifying causal factors relating

to high AOA departure susceptibility, warning, and severity. The other is
addressed to a survey of high AOA design guides and criteria used in early
or configuration preliminary design stages and an assessment of the effec-

tiveness of the guides and criteria.

The following presents an overview of the aerodynamic parameters analy-
tically found to dominate high AOCA dynamic characteristics; a brief descrip-
tion of the piloted simulation employed to validate the cause/effect pre-
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dictions; some results of the simulation and comparison with currently

popular high AOA design guides; and, finally, en alternative design guide
having broader applicability than those currently available.

KEY HIGH ACA PARAMETERS

The key aerodynamic derivatives which were shown in the Ref. 2 analysis
to dominate aircraft open-loop departure warning, susceptibility, and sever-
ity are summarized in Table 1. On the left are the key open-loop para-
meters; on the right are the maneuver limiting dynamic characteristics
associated with the open-loop parameter. Negative Npg Or Nopy (differential

horizontal) is a causal factor of roll reversal. This is nothing new and

TABIE 1

KEY OPEN-LOOP DEPARTURE PARAMETERS

Negative Nga or NSDH Roll Reversal

Positive M B Pitch Up

L8, &q.Lp Wing Rock

NG, Na Nose Slice '
M g Roll Divergence .
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has been observed on a number of aircraft. It is a key parameter in

that it signifies the onset of large sideslip excursions in maneuvering
flight. The second open-loop parameter identified is N%, pitching moment
due to sideslip. Postive MB results in pitch-up with sideslip; negative
results in pitch-down. The remaining static coupling and cross-coupling
derivatives (and the one damping derivative) all contribute to wing rock,
nose slice, and roll divergence characteristics. A given aircraft
response depends upon the relative values of these six coefficients and
one can get any or all of these motions depending upon the coefficient
values and ratios. The importance of Ig, Na, and Lp is widely recognized.
In the vicinity of stall, aerodynamic moments generally become highly non-
linear functions of both a and B and the cross-coupling derivatives L,, Ng,
and My can become quite large at g # 0.

The Ref. 2 analysis also identified key closed-loop departure para-
meters (Table 2). These are associated with the numerator factors (or

roots) for the vehicle motion over which active piloted control is being
exerted.

For ailleron-only meneuvering control a key parameter is the ratio of
aé to ug. The ratio is proportional to LCDP/Cnden (e.g., from Refs. 3
and L), which at zero sideslip derives from the aerodynamic coefficients
of Fig. 1, e.g.,

TABLE 2

KEY CLOSED-LOOP DEPARTURE PARAMETERS

AILERON E;& LCDP Roll Reversal
MANEUVERING CONTROL w dz ~ C"Bd Wing Rock
yn Roll Departure

RUDDER OR AILERON ]
MANEUVERING CONTROL Tg 3

Nose Slice
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Undesirable ratios lead to roll reversal, pilot-aggravated wing rock (PIO),
and roll departure. In the presence of sideslip, the expressions become
complicated by additional terms involving Cey Cngs CmB’ and trig func-
tions of B.

Another key closed-loop departure parameter for either rudder or aileron
maneuvering control (in that either of these tends to produce £ at high a)
is the previously (Ref. 5) reported zero of the 6 numerator which can lie
in the right-half-plane. This root results from lateral/longitudinal
coupling due to sideslip, is dominated by Ly and Ny, and leads to an unsta-
ble lateral-directional mode (nose slice) due to the pilot controlling
pitch attitude with elevator.

The open-loop and closed-loop departure parameters identified in
Tables 1 and 2 were selected to be the key variables in the piloted simu-
lation.

SIMULATION

The simulation was performed at the McDonnell Aircraft Company in the
20 f't hemispherical fixed-base dome identified as MACS-1. Physical aspects
of the simulation are summarized in Fig. 1 and Table 3. The horizon and
target are projected on the inside of the hemisphere. The cockpit is
located at the center of the dome. The out-the-window, head-up, and head-
down displays and cockpit layout are as indicated in Tsble 3. Seat cues

congisted of normal acceleration and buffet motion provided through an
inflatable seat bladder. A TV projection of a gimballed model provided
a realistic maneuvering tracking task. Two Air Force flight test pilots
experienced in high-angle-of-attack departure and spin testing served as
the subject pilots.
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Legend
1 Beam Srlitter
2 Sphenical Mirior
3 Multiplexing Beam Splitter
4 Virtual Image Beam Splitter
5 Crew Station
6 Real Horizon and Missile Projector
7 Real Target Focus Lenses
8 Real Target Mirrors
9 Real Target Projector
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10 Sound and Electronic Equipment
11 Pit Area

GP76-0297-4

Figure 1. Manned Air Combat Simulator I

TABLE 3.

FIXED BASE:
DISPLAYS:

COCKPIT:
SEAT CUES:
TARGET:
PILOTS:

SIMULATION
McDonnell MACS-1 20 {t Dome

HORIZON-360deg ¢,6,y
HUD - CAS, h,y, v.v.
HDD - ¢,6,y, a, M, etc.
SIGHT - Fixed Reticle

Basic F-4

N,, Buffet

Gimballed Model TV Projection

2 - USAF FTC

14




: Teble 4 indicates the aerodynamic models and flight control configu-
] rations employed in the simulation. The six DOF aerodynamic model con-
sisted of nonlinear coefficients as a function of o and p which were stored
in the digital computer as look-up tables. To prevent any discontinuities
in aero data for the extreme maneuvers expected in departure and spin, the
data were modeled over the a range from —180 to +180 deg and B was modeled

over the range of +90 deg. The aerodynamic modeling was precise for a
between O and +45 deg and B up to +30 deg. Beyond these limits the data
were extrapolated and faired to prevent discontinuities under all-attitude
maneuvering. One basic set of aerodynamic coefficients was employed. Indi-
vidual roll, yaw, and pitch moment coefficients were then systematically
altered to produce characteristics approximating those of the F-4J, the
F-14A, and two hypothetical dynamic configurations.

TABLE 4., AFRODYNAMICS MODELS AND
FLIGHT CONTROL CONFIGURATIONS

AERODYNAMIC MODELS

¢ Nonlinear f(a,B)

o -180 deg < a < +180 deg

=90 deg < 3 < +90 deg

FLIGHT CONTROL CONFIGURATIONS

¢ Unaugmented Manual FCS %
o Augmented %
r, a9 - 3p SAS |
Pe =83 CAS :
S ;
S g =—8p SRI

(rs+1)




Two flight control configurations were employed: an unaugmented
manual flight control system typical of the basic F-4J aircraft, and an
added augmentation similar to the newer generation of fighter aircraft.

In all cases, gains and equalizations were adjusted to be compatible with
our airframe characteristics. In the yaw axis, yaw rate and lateral
acceleration feedback to the rudder was employed. In the roll axis a
command augmentation system was employed in which stick ‘displacement com-
mands roll rate and the roll rate error is used to deflect the roll con-
trol surfaces. This portion of the augmentation system is the principal
contributor to increased dutch roll damping or stabilization of a mildly
unstable dutch roll root. A third aspect of our augmentation system is

a lateral stick-to-rudder interconnect which favorably alters thc location
of the roll numerator zeros, e The lateral stick displacement signal is
fed through a first-order lag and a gain which varies with a. The gain is
zero for o < 10 deg and ramps up to & maximum at a > 20 deg.

CONFIGURATIONS AND PREDICTED
HIGH ACA CHARACTERISTICS

Table 5 summarizes the six configuration matrix employed. The con-
figurations are identified on the left; in the center ig the aerodynamic
term varied, and on the right are anticipated high AOA characteristics
based upon analysis and open-loop time responses. Configuration A has
the aerodynamics of the basic F-4J aircraft. Both flight control configu-
rations were employed with this aerodynamic model; A7 is unaugmented and
Ap is augmented. For Aq a sequence of roll reversal, wing rock, nose slice,
and finally rolling departures is predicted with increasing AOA. For Ao
the augmentation system and crossfeed are expected to minimize or eliminate
the roll reversal and wing rock predeparture warnings. Thus, the predicted
characteristics are nose slice followed by rolling departure. For B the
aerodynamic roll damping parameter, C fps Was increased. This aero configu-
ration was used only with the basic manual flight control system in order
to compare the high AOA stall/departure characteristics of an aircraft with
naturally high roll damping (Configuration B) with that obtained with arti-
ficially augmented roll damping (Configuration As). For B predicted depar-
ture characteristics are roll reversal, nose slice, and rolling departure.
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TABLE 5. CONFIGURATION MATRIX

CONFIGURA- PREDICTED
TION FCS AERO VARIANT CHARACTERISEnc
Al Basic |Basic F-4J RoLt ReversaL (RR)
WinG Rock (WR)
Nose SLice (NS)
Rort Depart (RD)
A2 Aue NS
RD
B Basic | INCREASED C"p RR
NS
RD
C Basic | Increasep C RR
1 13 ;
Decreasen Cgp ; S« axad :g
Cr Aue - C,,den >0
Lcpe > 0
D Basic | Increasep C, g > 15 RR
a
Decreasep Ca, } gR '
1TcH Up
PosITIVE CmB

Warning in the form of wing rock should not be present due to the large
roll damping of this configuration. For C the rolling moment coefficient
as a function of o and B was modified in the o range between 15 and 45 deg
to approximate that of the F-14A aircraft. The unaugmented Configura-
tion Cq is predicted to exhibit roll reversal, wing rock, and rolling
divergence with increasing AOA but no nose slice. The augmented flight
control system was also employed with C to determine if it would improve
or degrade the departure characteristics of this configuration. The air- .;
frame and flight control characteristics were selected so that Cnﬁ dyn and
LCDP are both greater than zero throughout the usable AOA range for the
configuration. On the basis of these parameters, no departure tendency

i A e b
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is snticipated for this configuration. Finally, D employed altered
static yawing moment characteristics for AOA greater than 15 deg to
increase CnB and decrease Cnye The end result is an ajrframe mildly
directionally unstable at AOA greater than 25 deg which should exhibit
roll reversal and wing rock warnings. A second modification incorporated
in D was a change in sign of CmB to provide positive pitching moment with
sideslip. This should result in pitch-up and would be expected to aggra-
vate any high AOA departure characteristics. All other configurations
had negative Cmﬁ-

The susceptibility to, and severity of, departure may be predicted
for four of the configurations via the Weissman departure/spin criteria
(Ref. 4) and the more recent Bihrle criteria (Ref. 6). Both of these are
basic airframe (i.e., unaugmented) predictors in that they are based upon
static aerodynamic coefficients. The augmentation system employed alters
the effective static as well as dynamic characteristics but, unfortunately,
augmentation and SRI influence is frequency dependent and therefore cannot
be readily shown via either criterion.

The Weissman criterion (Ref. 4) is a plot of Cnﬁdyn vs. ILCDP divided
into four regions of increasing departure and spin susceptibility and
severity (Fig. 2). The loci of our unaugmented airframe parameter values
over the AOA range of 16-35 deg are shown by the various symbols: circles
represent Configurations Aj and B (since Cgp has no influence on either
parameter), squares represent Configuration Cq1, and triangles Configura-
tion D. The criteria predict high departure/spin susceptibility with
strong rolling departures for Configurations A7 and B; moderate suscep-
tibility and rolling departures for Configuration Ci; and no departures
for Configuration D. Thus, all regions of departure susceptibility and
severity are exercised with the aerodynamics selected. (Based on steady-
state gains, the augmentation system would shift Configurations A and C
off-scale at the top of Fig. 2, a region predicting no departure tendency.
But, again, the loci are frequency-dependent and cannot be readily demon-
strated by this criterion.)

The Bihrle criterion (Ref. 6) relates roll reversal and departure
susceptibility to the raw static aerodynamic coefficients Cn5a, CnB’ and
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Figure 2. Weissman Criteria Predictions

CgB. Figure 3 presents the boundaries for an aircraft exhibiting adverse
Cnsa. Two boundaries are included. The upper, dashed boundary is the
roll reversal criterion. Above the dashed line no roll reversal is pre-
dicted; below the dashed line the aircraft should exhibit roll reversal.
The lower solid boundary is the departure criterion. Again, above the
boundary there is no departure; below the boundary the criterion predicts
a departure. The circles identify Configurations A and B over an AOA range
from 10 deg to 40 deg, the squares identify Configuration C for the same
AOA range, and the triangles identify Configuration D.
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Figure 3. Bihrle Criterion (Adverse Cnsa)

The interpretation is that the Bihrle criterion predicts, for the Air-
craft Cases A and B: roll reversal asbove about 12 deg AOCA. At approxi-
mately 20 deg AOA the region is entered in which departure might be expected.

Out to 30 deg AOA, CZB is small while CnB is large, negative, and one would
expect a strong directional divergence or nose slice characteristic. At
yet higher angles of attack, CEB increases negatively while CnB decreases
and one might expect more of a rolling divergence characteristic.
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Configuration C, on the other hand, stays relatively close to the
departure criterion boundary and is well to the right of the roll reversal
boundary. Therefore, the criterion predicts this configuration to exhibit
significant adverse yaw, roll due to sideslip, and, above 20 deg AOA, roll-
ing departures. k

Configuration D stays much closer to either of the two criterion boun-
daries. 1t therefore lies in a gray area because slight shifts in either
of the criterion boundaries could change predictions regarding both roll
reversal and departure tendencies. The interpretation is that Configura-
tion D should have mild, if any, roll reversal characteristic and mild,

if any, rolling departure characteristic.

There is considerable similarity between the AOA loeci plots of Figs. 2
and 3. This is because LCDP = Cng when Cgg and Cng, are small and
Cnﬁdyn'“ CgB when CnB << Cgp. Thus, one should expect the two criteria
to be substantially in agreement in the region of interest, i.e., where
static and/or dynamic stability is critically low. The Bihrle criterion,
however, is somewhat the less sophisticated of the two and therefore may

be easier to apply in the midst of wind tunnel testing.

In summary, the six vehicle configurations selected are predicted to
exhibit a broad spectrum of high AOA departure warning, susceptibility,
and severity characteristics for assessment by the pilots.

RESULTS

The high AOA characteristics actually observed by the two pilots dif-
fered widely, as did their assessments of departure susceptibility and

severity. For example, Table 6 presents departure susceptibility ratings

given by each using the definitions of resistant (R), susceptible (S),
and extremely susceptible (ES) from Ref. 1. The ratings were given for ‘
bank-to-bank and wind-up turn tracking task maneuvers similar to those 1
recently developed for flight test evaluation of flying qualities (Refs. 7
and 8).

The first impression is to throw everything away and start over. How-

aver, both pilots were highly experienced and, recognizing the potential
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TABIE 6

COMPARISON OF PREDICTED AND ACTUAL
DEPARTURE SUSCEPTIBILITY RATINGS

DEPARTURE SUSCEPTIBILITY
COMFIG. | PRED. P-1 P-11
Al ES R
B ES S
G S S-ES
D R [r] (]
Ay NA R ES
€2 NA R S

impact of the study, highly motivated. Therefore, an in-depth analysis
of recorded pilot commentary and motion strip charts was performed and
supported by additional closed-loop analysis. From these it was deduced
that the two pilots were using widely differing tracking and control tech-

niques.

Pilot P-I was cautious and sensitive to onset of instability. He
observed all of the departure onset warnings available and adjusted his
gains to follow the decreasing roll control stability boundary until he
considered path control was no longer possible. Then he would initiate
recovery controls (stick forward, aileron and rudder neutral) and observe

the resulting'aircraft response.

Pilot P-IT was much more aggressive in acquiring and tracking the
target aircraft. He would set his gains for stable tracking at low ACA
and then not change them as he rapidly pulled his aircraft into the higher
AOA region. Thus he would suddenly cross the stability boundary and depart.
This pilot observed no warnings whatsoever due to the rapid transition

through the warning region and penetration of instability regions. As a
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result, he almost always entered post-stall gyrations of varying severity

and was rating spin rather than departure susceptibility and severity.

A comparison between departure/spin susceptibility predicted by the
Weissman criteria and the ratings provided by the two pilots is also
shown in Table 6. Ratings substantially in agreement with prediction
are shown in boxes. Obviously the aggressive pilot observed the worst
possible characteristics of each unaugmented configuration as predicted
by the criteria. The less aggressive pilot experienced something quite
different. As noted previously, the criterion does not lend itself to
prediction of the frequency dependent augmented airframe characteristics,
but these configurations were expected to be less susceptible to depar-

ture. This influence was observed only by the less aggressive pilot.

One important difference between prediction and simulation was the
nature of departure. Figure 2 indicates predominantly rolling departure

with no indication of yaw departure. Our Configurations A, B, and D exhi-

bited initial yaw excursions sometimes followed by roll. Configuration C
exhibited three different departure modes which were dependent upon control
application at onset of departure. However, a rolling type motion did pre-

dominate.

Thus, the Weissman criterion left something to be desired in predict- E

ing both the susceptibility to and nature of departure observed by the
pilot. The negative LCDP of Fig. 2 indicates that the roll control numera-

tor for lateral stick input has one negative root — or one first-order

zero in the right-half-plane (RHP) of a root locus. Figure 4 shows a
representative set of pole and zero locations at a frozen flight condition
in which LCDP or a% is negative. The roll numerator has two first-order
zeros, 1/T®1 and 1/Tp,. When the pilot attempts to control roll, one pole 3
(in this instance the spiral, 1/Tg) is immediately driven toward the RHP

zero and a first-order divergence results. The dutch roll mode is also

iad G il

driven unstable in this example; however, the pilot can adopt lead to
gstave off this instability, whereas nothing short of opening the loop can

prevent the first-order divergence. The more negative LCDP becomes, the
further 1/T¢1 is located in the RHP and the faster the divergence rate
potential due to the loop closure. It is further shown in Ref. ? that
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sideslip causes the two first-order zeros to coalesce into a RHP complex
pair with negative damping (or real part) identified as gq@ﬁd Thus, {.a,
is strongly influenced by the cross-coupling aero coefficients Clay Cngs

and Cmﬁ-

The previously noted analysis to identify causal factors behind the
widely differing pilot ratings for departure/spin susceptibility produced

a strong relationship between pilo* ratigs for both pilots and penetration

of the roll numerator root into the RHP. Figure 5 shows the value of the
real part of the numerator root at the instant the pilot decided he had,
or was about to, depart and initiated recovery. These values are plotted
ageinst this AOA at which recovery was started. (Note this is not the
usual jw axis.) The points represent all six vehicle configurations as

evaluated by both pilots.

The division between departure resistant (R) and susceptible (8)
ratings is seen to lie at roughly —0.5 rad/sec. This corresponds to a
time to double amplitude of approximately 1.L4 sec. Zeros which lie to

the left of this line apparently limit the first-order divergence to a
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rate slow enough for pilots to respond and recover. Zeros to the right
of the line apparently allow divergence rates so fast that they cannot
prevent departure. It is interesting that when initially questioned
regarding their personal definition of departure, both pilots indicated

a threshold on rate of motion; however, they were vague as to the value
(e.g., "maybe 20 or 30 deg/sec, I don't know"). One data point in Fig. 5
violates the boundary. This is the augmented Configuration Cp, In this
case the SRI eliminated adverse yaw and thus made the vehicle more depar-
ture resistant (as viewed by our cautious pilot). However, it could be
departed and then the augmentation produced pro-spin control. The aggres-

sive pilot rated spin susceptibility and apparently rated this configu-
ration accordingly.

The implication is that if the combined aerodynamics and flight

control system design is such that 1/T<p1 never exceeds -0.5 throughout
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the achievable o range then the airplane will be departure resistant.

It should be noted that this places no restriction on open-loop sta-
@ bility. For example, CnB can be negative and, in fact, is negative
1 for Configuration D (see Fig. 2) which is rated departure resistant (see
5 Table 6) by both pilots.

Since mé is the dimensional form of LCDP and, in general, |1/T®1|2 &
|@§!> then one can relate the above 1/Tp, boundary to an equivalent LCDP.
For the flight conditions, inertias, etc., employed in this simulation,

1/T¢; = —0.5 = LCDP = =0.001

This coincides with Weissman's boundary between Regions A and B for posi-

tive Cnﬁdyn, see Fig. 6; however, it is a little more conservative at nega-
tive cnﬁdyn' Thus, the results of our simulation are compatible with and
support Weissman's empirically derived LCDP boundary. The key difference in
the criteria is that 1/qu1 is not restricted to eirframe lateral-directional

static coefficients but can be applied throughout the aircraft development
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Figure 6. Possible Modifications to Weissman Criteria
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cycle, i.e., for the completely coupled 6 DOF airframe plus a full com-

plement of augmentation, stick-to-rudder crossfeed, etc.

In addition, results of our simulation tend to indicate another boun-
dary might be appropriate in the upper left quadrant of Fig. 6 to create
two additional regions, E and F. Region E would be classed as mild direc-
tional divergence and spin tendency. Region F might be classed as strong
directional divergence and spin tendency. Note from Fig. 2 that our air-
craft Configuration D, which had mild directional departure characteris-

tics but little or no spin tendency would extend into criteria Region E.
SUMMARY

Analysis and piloted simulation have shown that:

® The high AOA maneuver limiting and departure char-
acteristics of fighter-type aircraft are signifi-
cantly altered by changing the lateral-directional
static aerodynamic coupling and cross-coupling
derivatives, Ig, Lg, Ng, Ng, and M.

® Departure warning was also influenced by the roll
damping derivative, Lp, and the augmentation system.
The effectiveness of warnings is highly pilot depen-
dent and cannot be relied upon to guide the pilot
into avoiding departure.

® The pilot's perception of departure susceptibility
was found to be correlated with movement of one
root of the roll numerator for lateral stick con-
trol into the RHP of the root locus, i.e., a non-
minimun phase zero. If the aircraft high AOA con-
figuration produced a zero, 1/T¢1, more negative
than —0.5 and the pilots could fly the aircraft to
such AOAs, it was rated departure susceptible. If
this boundary was not or could not be exceeded the
aircraft was considered departure resistant. This
rating is independent of the sign or magnitude of
the dynamic stability parameter Cnﬁdyn'

® A value of 1/T¢1 = 0.5 corresponds to an effective
LCDP of —=0.001 and thus is consistent with and sup-
ports the empirically derived LCDP departure boundary
developed by Weissman. However, results of the simu-
lation were not in agreement with the types of depar-
ture predicted by Weissman in that negative Cnﬁ
regions produced yaw or nose slice type departures.
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It is suggested that as the aircraft design/development cycle progresses

past the static wind tunnel phase the Weissman criterion for departure/

spin susceptibility be replaced by a negative 1/Tq,1 limit.
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; QUESTIONS AND ANSWERS

Lt. Crombie, AFFDL: Are your numerator criteria then dependent on the
pilot model chosen?

Answer: No. There was no pilot "model" involved. We merely studied the
time traces to identify what technique the pilots were employing.

Dr. Beam: I suggest you relate this criteria to how well a pilot can
balance a rod on his finger. Do you think they would be the same?

Answer: To a certain extent they are related in that both tasks involve
an attempt to control an unstable element. The difference is that
the rod balance is an unstable element which the "pilot" must stabilize
or lose. In our case here, the open-loop vehicle can be steble and the
pilot drives it unstable because of the RHP zeros. If the pilot relaxes
and lowers his gain the system returns to a stable condition. Thus,
this criterion is not how much can the pilot balance (rod) but how far
is he willing to push the instability.

Don Berry, NASA/Dryden: 1In the early part of your paper you showed two
pilots giving the same configuration different departure susceptibility
ratings. How does the use of the right half plane roll zero criteria
give improved correlation for these cases?

Answer: The pilots gave ratings based upon the consequences of pressing
to higher angles of attack and increasing instability levels. One
pushed further into the instability region than the other and therefore
saw a different susceptibility level. We merely determined how far the
root had moved into the RHP at the time the pilot initiated recovery
and compared this to his assessment of departure. It gave a better cor- j
relation because we were relating the pilot rating to what he saw at the i
instant he gave up.

C. Chalk:; In earlier STI work a longitudinal parsmeter was proposed as a
measure of departure tendency. What happened to this idea?

Answer: The longitudinal parameter is & similar right half plane zero but
in the 6 numerator which results from lateral/longitudinal coupling due
to sideslip. It was shown in a previous program to contribute to a
nose slice divergence because of closed-loop longitudinal control acti- ;
vity. This same phenomenon was present in this study; sideslip produced 3
coupling between the longitudinal and lateral-directional axes which
aggravated the nose slice tendency.




R. Woodcock, AFFDL/FGC: Can you clarify the implication of two findings
from yaw simulation? First, your resistant/susceptible boundary seems
independent of CnB . Second, the Weissman criteria seem valid except
for being slightly tonservative.

Answer: It is highly desiresble that C be positive because of open-
loop stability considerations; however, it is not a requirement for
closed-~loop stability. The situations rated departure resistant

] involved recovery initiation at C as low as —0.0005 and as high

| as +0.002 but always with 1/Tp; < 0.5.

Regarding Weissman's criteria, the simulation results supported his
boundaries for C > 0, but I would say it shows his criteria to

{ be a bit optimistic for Cnﬁ < 0 in that it then allows a larger

1 value of 1/T¢1. Our results” do not support this distinction, as noted
above.

We did obtain a correlation for one pilot between his perception of
increasing departure severity and decreasing Canyn'
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INTRODUCTION

The ability to accurately estimate the flying qualities of an
airplane which exists only on paper is essential to the
aerodynamic, control system, and autopilot design processes,
Many criteria exist for estimating flying qualities, of which the
best example is MIL-F-8785B. Unfortunately, this is a military
flying qualities specification, containing criteria developed
primarily on the basis of research and design experience on
military aircraft. The criteria in MIL.-F-8785B can be applied to
all types of aircraft, from the smallest trainer to the largest
transport. However, there are much less data to support the
criteria for large transport (Class III) airplanes than there are
for fighter/attack/interceptor (Class 1V) airplanes. Designers
of civil transport aircraft tend to doubt or even disbelieve the
validity of some of the criteria (e.g., the lower limit on short-
period frequency). Further, civil aircraft tend to have missions
which are quite different from those of military aircraft, which
suggests that different performance standards would apply.
This is not to say that the military criteria are not used;
however, they have certain shortcomings when applied to civil
transport design.

A more serious criticism of most existing criteria is rooted in
the fact that they are based on approximations to the response
of an airplane. Examples of this are seen in the MIL-F-87858
criteria for the short period. These criteria are based on ex-
perimental data for which the short period is well damped and
well separated from the phugoid. The current trend toward
relaxed static stability airplanes with stability and control
augmentation is gradually eroding the ability of such criteria to
accurately predict flying qualities, especially for failure cases.
There is a trend toward the use of pilot-model-in-the-loop
criteria which place performance standards on the pilot plus
airplane system, rather than on the airplane alone. At this
time, however, no closed-loop criteria have been accepted for
inclusion in MIL-F-8785B.

For these reasons, Douglas Aircraft Company has undertaken
a program of research in the area of transport aircraft flying
qualities. The goal of this research program is the determina-
tion of flying qualities criteria for the design of conventional as
well as relaxed static stability airplanes. The work being done
to develop flying qualities criteria for large transport aircraft
in the landing approach is described in this paper.

*This document presents the results of several projects performed under Nouglas
Independent Research and Development (IRAD) sponsorship.

**Senior Engineer, Aerodynamics Stability and Control Group,

Two transport aircraft research programs are summarized.
The paper covers the program in two parts. Part 1 describes a
lateral-directional study not previously reported in the open
literature. Part 2 is a condensation of Douglas Paper 6496,
which was presented in 1976 at the Twelfth Annual Conference
on Manual Control, University of Illinois, Urbana, Illinois.

PART 1. LATERAL-DIRECTIONAL STUDY
ABSTRACT

A piloted motion-base simulator test was performed to study
lateral-directional flying qualities criteria. Sixteen configura-
tions were designed to span the spectrum of a number of
lateral-directional parameters. All had the same longitudinal
flying qualities, which were level 1. The criteria studied were
all taken from MIL-F-8785B. Each is listed below by paragraph
number and name. Only those preceded by an asterisk are
discussed. The others are not discussed because they add
nothing to the estimates of flying qualities.

*3.3.1.1 Dutch roll mode

3.3.1.2 Roll mode

3.3.1.3 Spiral mode

3.3.1.4 Coupled roll-spiral mode

3.3.2.2 Roll rate oscillations
*3.3.2.2.1 Roll rate oscillations for small inputs
*3.3.23 Bank angle oscillations

3.3.2.4 Sideslip excursions
*3.3.2.4.1 Sideslip excursions for small inputs
*3.34 Roll control effectiveness

The results of the test have been analyzed and conclusions
drawn. The roll control effectiveness criterion (No. 3.3.4 of
MIL-F-8785B) was found to be far too conservative. The other
criteria were marginally substantiated by the data of this test.

OBJECTIVE

The primary objective of this project was to evaluate the
lateral-directional criteria of MIL-F-8785B (References 1-1 and
1.2) for large transport aircraft in a landing approach con-
figuration. The existing lateral-directional criteria have been
found to be inadequate (References 1.3 and 1-4i. Therefore,
there is a need to test the validity of the lateral-directional
MIL-F-8785B criteria and recommend necessary changes.
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APPROACH

Sixteen aircraft configurations were chosen to span the spec-
trum of each of five lateral-directional criteria (Dutch roll, roli
rate oscillations, bank angle oscillations, sideslip excursion,
and roll control effectiveness). These configurations, along
with the MIL-F-8785B boundaries, are shown in Figures 1-1
through 1-4 and Table 1-1. In order to evaluate their flying
qualities, these aircraft configurations were simulated on the
Douglas motion-base simulator with human pilots in the con-
trol loop. The pilots were required to fly a constant altitude
localizer tracking task until the glidesiope was intercepted.
The pilots were then required to track localizer and a 3-degree
glideslope using the ILS. The simulation was terminated at
touchdown. The landing approach geometry is shown in Figure
1-5 and the simulator control box is shown in Figure 1-6.
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The test engineer sat in the right seat and the subject pilot in
the left seat. The test engineer could select the task variables
for each run using the control box. Because there were no oral
requests for task variables as in previous tests, the pilot was
unaware of the variables, such as wind, localizer offset, and
starting point, at the start of the run. At the conclusion of each
3- to 4-minute flight, the pilots rated the overall fiying qualities
of the aircraft configuration using the Cooper-Harper pilot
rating scale. Each evaluation was made with no turbulence and
with light-to-moderate atmospheric turbulence. The pilot- opi-
nion ratings have been tabulated and statistically analyzed.

ANALYSIS

The mean and standard deviations of the pilot ratings are
shown in Figure 1-7 along with the MIL-F-8785B boundaries
for the Dutch roll criterion. For the 16 configurations chosen,
the boundaries separating the three levels are hyperbolic
{Figure 1-1). These boundaries have been mapped as rec-
tangular regions in Figure 1-7. Mathematically, these boun-
daries are:
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FIGURE 1-7. DUTCH ROLL CRITERION

Similar plots of pilot rating versus the criterion parameter
have been made for the roll rate oscillation (3.3.2.2.1), bank
angle oscillation (3.3.2.3), sideslip excursion (3.3.2.4), and roll
control effectiveness (3.3.4) criteria, They are shown in
Figures 1-8 through 1-11.
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FIGURE 1-11. ROLL CONTROL EFFECTIVENESS

The flying qualities characteristics of the 16 configurations for
the five criteria considered are given in Table 1-2, along with
the pilot ratings. These are the average values of all ratings,
both with and without turbulence, given by all pilots for each
configuration. The flying qualities levels corresponding to
these parameter values are given in Table 1-3, labeled as
criteria [ to V. Since there are five flying qualities estimates
(one for each of the five criteria) for each configuration, one
must decide how to combine these to estimate the overail fly-
ing qualities of a configuration. The specification provides no
guidance in this area, but the accepted practice is to assume
that the overall flying qualities will be as bad as, or worse than,
the worst of the estimates. Thus, the worst estimate for a
given configuration is shown as criterion VII. For reasons
which will be explained later, the worst of I through IV (V is
excluded) is shown to be the summary criterion, No. VI.

TABLE 13
FLYING QUALITIES OF THE CONFIGURATIONS

L FLYING QUALITIES LEVELS
CONFIG. | MEAN | PILOT MAX OF| MAX OF
URATION | PILOT | RATING|iwglq | PaucPar| Pase@n [ Wimaa™|To | 1TOV | 1TOV
NUMBER] RATING | LEVEL| I i T C AR Vil
1 579 2 2 2 2 2 (x 2 X
2 325 1 2 2 2 2 [x 2 x
3 225 1 3 3 3 FIRES 3 X
4 531 2 3 3 3 [ E 3 3
2 625 2 2 3 3 FES 3 X
28 712 3 2 3 3 3 [x 3 x
40 4 2 2 3 3 E 3 X
51 526 2 2 ] 1 E 2 X
52 3 1 2 [ 1 1 Ix 2 X
56 7.83 3 2 2 2 K 2 2
6 658 3 1 2 1 [ 2 2
54 71 3 1 2 2 1 1 2 2
90 75 3 2 3 3 2 |x 3 X
91 875 3 2 2 2 K 2 2
92 75 3 1 1 1 1 1 1 1
95 8 3 ] 1 1 1 1 1 1

NOTE THE LETTER X MEANS WORSE THAN LEVEL 3

A number of other criteria were examined but are not
presented here because they add nothing to the study. For ex-
ample, all 16 configurations were rated level 1 by the roll
mode, spiral mode, and coupled roli-spiral mode criteria. These
results are not shown because they add no useful information.

Table 1-4 shows the difference between the pilot opinion rating
and the MIL-F-8785B boundaries for each of the five lateral-
directional criteria. This table was derived from Figures 1.7
through 1-11 by calculating the difference between the mean
ratings and the nearest level boundary (dotted horizontal linel.
Thus, positive APR means that the pilot ratings are higher
(worse) than the expected MIL-F-8785B boundary. Similarly, a
negative APR indicates that the pilots have rated this
configuration better (iower rating! than MIL-F-8785B. A zero
in this table, therefore, means that the pilot ratings are within
the levels predicted by MIL-F-8785B. The accepted practice,
as stated above, for obtaining overall configuration
characteristics is to take the worst estimate as the overall
rating. Thus, the smallest number in a given row in Table 1-4
represents the overall estimated flying qualities. The specifica-
tion has given the correct result if the smallest number in a row
is zero or near zero. If the smallest number in a row is
negative, the estimate is conservative, and if positive, the
estimate is unconservative. The data for criteria V] and VII are
plotted in Figure 1-12.

TABLE 14

DIFFERENCES BETWEEN PILOT RATING AND
MIL-F-87858 CRITERIA BOUNDARIES
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FLYING QUALITIES

Table 1-5 shows the correlation coefficient between the subjec-
tive pilot ratings and each of the lateral-directional
parameters. Regression coefficients were not calculated, as it
seemed unlikely that any one parameter would be a reasonable
predictor of pilot rating. The correlation coefficient, r, was
calculated using the following equation:

NIX.Y,- (£X) (ZY) "
r o= )
VINZX2- (ZX)2(NZY2 - (ZY;2)

where X; = any one of
(cdmnd'posc/p:v' ‘usc“av’Apmax/k' wﬂstep )

corresponding opinion ratings
number of data points

4
non

In addition, a multiple regression analysis was conducted to
predict the pilot opinion ratings as a linear function of
164w Posc/Pave Yosc’bavr ABman/k and Ty. The following equa-
tion defines this relationship:

ﬁ = 0.032/8 4wy, + 2.36 Poy/Pyy
-0.2A,,/k + 0.7T, + 1.97 2)

TABLE 1-5
LINEAR REGRESSION CORRELATION COEFFICIENT

19

$awq

pOIC/pIV ¢ch a

Aam ll/k

CORRELATION

0.37

0.14

0.15

0.31

0.19

COEFFICIENT

The variable ¢,,./¢,, does not enter the regression due to its
high correlation (r = 1) with p,,./p,,. A comparison of the true
pilot ratings (PR) and ratings estimated by this model (PR) are
presented in Figure 1-13.
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FIGURE 1-13. COMPARISON OF PILOT RATINGS FROM
REGRESSION TO ACTUAL RATINGS

DISCUSSION OF RESULTS

Four of the five MIL-F-8785B criteria ({4, .. Pos/Pavs
bosc/bayr and BB, /k) estimated level 2 flying qualiﬂes for con-
figuration 1. The mean pilot rating (5.8 for this configuration
agrees with these estimates. The roll control criterion,
however, predicts worse than level 3 flying qualities. This is a
very conservative estimate. The pilot ratings for configuration
2 show good agreement (APR = -0.25) with four of the five
criteria. The fifth criterion, roll control effectiveness, was
again extremely conservative (APR = -6.25).

The estimates for configuration 3 were poor, with the roll con-
trol criterion more than two levels worse and the Dutch roll
mode and roll rate oscillations criteria more than one level
worse. The roll and sideslip angle oscillation criteria were
worse by only about 1-1/4 units on the pilot rating scale, but
this is immaterial ~ the judging rules say only the worst
estimate counts. All five criteria give the same slightly conser-
vative estimate for configuration 4. The inconsistency is 1-1/4
units which is within the level of experimental error.
Throughout this discussion, the word “units” refers to units of
pilot opinion rating while “level” refers to flying qualities
levels.

The first four criteria gave correct estimates for configurations
25 and 28, while the roll control ci{erion was worse by about a
full level. The Dutch roll and sideslip excursion criteria ac-
curately predicted the flying qualities of configuration 40. On
the other hand, the roll rate and the bank angle oscillation
criteria estimated flying qualities that were 2-1/2 units worse
than the pilot ratings. In addition, the roll control criterion was
worse by more than one level.

The criteria again gave nearly the correct flying qualities
estimate for configuration 51 if the roli control criterion, which
was worse by more than a level. was neglected. The same
result was found for configuration 52, except that the roll con-
trol criterion was much worse. The specification criteria as a
whole mispredicted the flying qualities of configuration 56 by
only 1-1/4 units, with Dutch roll mode and bank angle oscilla-
tions equally critical. The estimated flying qualities of con-
figuration 61 also match the true flying qualities (pilot opinion),
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although only bank angle oscillations are critical. The estimate
for configuration 64 is almost as good, with twe criteria only
about one unit better than estimated. The other three are
about a level off, but predict better flying qualities and can be
ignored. The estimates for configuration 90 are also good, ex-
cept that the roll control criterion estimates two units worse
than the true flying qualities. This is somewhat more than one
would attribute to experimental error.

Configurations 91, 92, and 95 are qualitatively different from
the rest in that the estimates are substantially better than the
actual flying qualities. While configuration 91 has level 3 flying
qualities, three criteria (Dutch roll mode and roll rate and bank
angle oscillations) estimate level 2 and the other two level 1.
The estimates for configurations 92 and 95 are all level 1,
although the actual flying qualities are leve! 3. No explanation
has been found for this anomaly.

It seems clear at this point that the roll control criterion is
much too stringent. A need to relax this criterion can be fur-
ther demonstrated by comparing criteria VI and VII of Figure
1-18. Criterion VI is a measure of how effective the first four
MIL-F-8785B criteria are in estimating the true flying
qualities. Criterion VII, in addition, includes the roll control ef-
fectiveness criterion. A comparison of these criteria shows that
10 of the 16 configurations have flying qualities one to two
levels better than criterion VII predicts. Moving the level 1
boundary from 2.5 to 5.0 seconds, the level 2 boundary from
3.2 to 7.0 seconds. and the level 3 boundary from 4.0 to 9.0
seconds would dramaticaily improve the estimates for con-
figurations 1, 2, 3, 25, 28, 40, 51, 52, and 90. The poor
characteristics of configurations 4, 56, 61, and 64 would still be
predicted by other criteria. None of the criteria predict the
characteristics of configurations 91, 92, and 95, with or without
this change. Figure 1-12 shows the flying qualities levels and
the differences between the pilot ratings and the MIL-F-8785B
boundaries with the relaxed T, requirement. A comparison of
criteria VI and VII in this figure indicates that the relaxed T,
criterion results are consistent with the rest of the experiment.
This change, however, will not be recommended at this time as
the data are not considered adequate to support such a
substantial change. References 1-3 and 1-4 have suggested
relaxing the level 1 MIL-F-8785 boundaries from 2.5 to 3.5
seconds.

No other clear-cut discrepancy between the specification
criteria and these experimental data was found. Configurations
1, 2, 3, and 4 were designed to explore the level 2-3 boundary
on Dutch roll characteristics, but the results were in-
conclusive. Configuration 1, which should have gotten the best
rating in this group of four, got the worst rating. Configuration
2 was rated slightly better than expected, configuration 3
much better, and configuration 4 slightly better. No change
could be made in any boundary to cause the criteria to be con-
sistent with the pilot ratings. Configuration 40 was also rated
substantially better than expected. The bad estimate was pro-
duced by the roll rate and attitude oscillation criteria. No ex-
planation was found for this anomaly.

The estimates were unconservative for configurations 56, 61,
and 64, but the discrepancies were 1.25, 0.10, and 0.75 units,
respectively. These are within an acceptable level of ex-
perimental error.

The correiation coefficients between the subjective pilot opin-
ion ratings and the lateral and directional flying quality
parameters are presented in Table 1-5. The correlation coeffi-
cient is a statistical measure ol how accurately a linear varia-
tion defines the relation between two parameters. There is ¢

reasonable correlation between the pilot opinion ratings and
the Dutch roll mode (r = 0.37) and sideslip excursions (r =
0.31). This means that the pilot response can be predicted,
though not very well, by a linear function of the Dutch roll or
the sideslip excursion parameter. The multiple linear regres-
sion model (Equation 2) was calculated by discarding con-
figurations 91, 92, and 95. Based on the physics of the problem,
two fictitious configurations were included to bias the data.
Despite the fact that the regression equation does not ac-
curately predict the true pilot ratings, the regression coeffi-
cients accurately model the physical problem. The square of
the multiple correlation coefficient (R} is a true measure of how
well the fitted equation explains the variations in the data
(Reference 1-5).

R2 = Sum of squares due to regression

Total corrected sum ol squares 0.56

This means that only 56 percent of the variation in the data is
explained by this model. The correlation coefficient has the
value 0.75, which is substantially better than any of the values
in Table 1-5.

CONCLUSIONS AND RECOMMENDATIONS

In order to evaluate the existing lateral-directional flying
qualities of MIL-F-8785B, 16 aircraft configurations were
tested on a motion base simulator with a pilot in the control
loop. This is a2 complex problem because several variables
govern the lateral-directional handling qualities. Further com-
plications arise due to the fact that the subjective opinion of a
human operator, in most cases, is not easy to quantify.
However, an attempt has been made in this report to analyze
and interpret the pilot opinion ratings. The following
preliminary conclusions have been drawn:

1. The estimated flying qualities of an airplane configuration
can be obtained from a set of criteria as the worst of the
estimates. The ratings given by the pilots are considered
the true measure of flying qualities. The estimates, as
defined above, should tend toward the true values.

2. In terms of correlation coefficients, the Dutch roll
parameter {{4w,,) was the most significant factor in deter-
mining the flying qualities of the configurations in this ex-
periment. The sideslip oscillation parameter (A8,,,,/k) was
nearly as significant. The other parameters (p,,/p,..
$osc/® av+ Ty and ) were substantially less significant.

3. Based on this experiment, the sharp corner boundaries of
MIL-F-8785B for the p,,./Pyy: $osc/®sv: and 4B, /k criteria
are inadequate. No revision can be proposed on the basis
of this experiment. Further research is needed.

4. A complete revision of the roll control effectiveness
criterion is needed. To be consistent with the data of this
experiment, the level 1 boundary should be changed from
2.5 to 5.0 seconds, the level 2 boundary from 3.2 to 7.0
seconds, and the level 3 boundary from 4.0 to 9.0 seconds.
While the MIL-F-8785B boundaries are too conservative.
these changes are unconservative and will not be recom-
mended. Further research is required to properly define
these boundaries.

5. With the exception of roll control effectiveness, the
MIL-F-8785B criteria predictions of flying qualities are
marginally substantiated by the data of this test.
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PART 2. LONGITUDINAL STUDY
ABSTRACT

An investigation of the longitudinal flying qualities of large
transport aircraft in the landing approach was performed as a
portion of a long-range flying qualities independent research
and development program at Douglas Aircraft Company. A
literature study was performed to gather all criteria which
showed promise as estimators® of flying qualities. Then a
piloted motion base simulator experiment was conducted to
produce data which could be used to evaluate the selected
criteria. Each criterion was evaluated by comparing the
estimated flying qualities it produced for each configuration
with the Cooper-Harper ratings given by the pilots. An ap-
praisal was then made of each criterion based on its per-
formance in this study. The criteria evaluated included several
from MIL-F-8785B (Reference 2-1) (flightpath stability, short
period frequency, short period damping ratio, phugoid stabili-
ty, and static stability), the short-period criterion of SAE ARP
842B (Reference 2-2), the short-period criterion of Reference 3,
and a pitch tracking task criterion (References 2-4 and 2-5).
The best results were obtained by combining the information
contained in the flight path stability and pitch tracking task
criteria.

DISCUSSION OF LONGITUDINAL FLYING QUALITIES
CRITERIA
SELECTED FOR INVESTIGATION

The first stage of the program of research was a wide-ranging
review of the literature for longitudinal flying qualities
criteria. There are far too many criteria in existence to be
tested in an experimental program or to be discussed in detail
here. A relatively small number which showed promise or
which are generally accepted were selected for inclusion in this
flying qualities experiment. The criteria of MIL-F-8785B were
included because they are “accepted” criteria. The short-
period criterion of ARP 842B was included as an “accepted”
eriterion in civil aircraft design. The short-period criterion of
Reference 2-3 was included because it contains, in a single
criterion, the information provided by several other criteria.
Finally, a pilot-model-in-the-loop pitch tracking task criterion
which had shown promise in earlier studies was included.

*The term “"estimators” is used because the criteria produce quantitative estimates of
Nying qualities 1. . pilot ratings or Nying qualitien levels)

DESIGN OF THE EXPERIMENT

A flying qualities experiment was designed to provide data for
evaluation of the selected flying qualities criteria. The criteria
are as follows: static stability, dy/dV, wyep. ¢gp, n/a, wypy: Spu:
phase compensation, and resonance. "fwo approaches were
used to design two groups of configurations. The 26 configura-
tions of the first group are either typical wide-body airplanes
with cg locations from far forward to far aft of the neutral
point, or such airplanes with a single stability derivative varied
to change the flying qualities. The characteristics of these con-
figurations are given in Table 2-1. The configurations of Group
II. on the other hand, were obtained by specifying the
characteristics given in Table-2-2, and solving for the equations
of motion coefficients. The solution to this transformation is
not unique, as there are more than twice as many unknowns as
there are conditions. A computer program was written to solve
this transformation on the basis of minimizing a weighted sum
of squared errors betweer the specified values of the
parameters and the values calculated for a trial set of equations
of motion constants. The algorithm exhibited poor convergence
properties in general, and in particular for ¢ < 0.04.
However, several hundred configurations were calculated for
which the algorithm converged. The 16 configurations of Group
I were selected from these.

TABLE 2-1
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PERFORMANCE OF THE EXPERIMENT

The configurations were rated by pilots flying the McDonnell
Douglas six-axis motion base simulator located at Long Beach,
California. The simulator, shown in Figure 2-1, is supported by
six hydraulic jacks arranged in a configuration developed by
the Franklin Institute. The limits of linear and rotary motion of
this system are given in Table 2-3. Interior and exterior views
of the simulator cockpit are shown in Figures 2-1 and 2-2. The
airplane equations of motion are programmed on a hybrid com-
puter system, of which the major elements are Xerox Sigma
Five digital computer and a Comcor Astrodata Ci-5000 hybrid
computer. Cockpit motion commands are generated in the
hybrid system and transmitted to a DEC PDP 11/40 minicom-
puter. The minicomputer computes the geometric transforma-
tions and controls the hydraulic jacks in a closed-loop fashion,
using LVDT transducer feedback from the jacks. Figure 2-3 is
a schematic of the elements of the motion base simulator facili-
ty. The visual display is generated by a Redifon II system, us-
ing a detailed terrain model for landing approaches.

FIGURE 2-1. MOTION BASE SIMULATOR

TABLE 2-3

MOTION LIMITS FOR THE MOTION BASE

I
MOTION

HEAVE

——
SWAY

——— 3

SURGE

ROLL
— -
PITCH

YAW

EXCURSION

116 cm
(+46 IN.)

+147 cm
{+58 IN.}

+152 em
(+60 IN.)

- +30°
+30°
+300

VELOCITY J Accen.ERAhON"

]

{+81 ¢cm/SEC)
(+32 IN./SEC)

+98 ¢m/SEC
(¢38.5 IN./SEC)

+98 cm/SEC
(+38.5 IN./SEC)

+23%/SEC
+239%/SEC

+30°/SEC

+1.45 G

175G

R

+1.45G

LL

6.9 RAD/SEC?
69 RAD/SEC? |
—

8.1 RAD/SEC?

PO RE e s

Ty
BN O

FIGURE 2.3. FIXED BASE SIMULATOR
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Five Douglas Aircraft Company test pilots performed 154
evaluations of the 42 configurations over a period of 2 weeks.
Each evaluation consisted of one to three ILS approaches, at
the pilot's discretion, after which the pilot gave the configura-
tion a pilot rating on the Cooper-Harper scale. The ILS ap-
proach began at a range of 13.7 kilometers (7.4 nautical miles)
from the threshold, at an altitude of 457 meters (1500 feet), and
on the extended runway centerline. The 3-degree glideslope
was intercepted at a range of about 8.7 kilometers (4.7 nautical
miles). The pilot then flew down the glideslope in a turbulent
atmosphere. Lateral-directional dynamics typical of a wide-
body transport were simulated but held constant throughout
the experiment. After breakout at an altitude of 213 meters
(700 feet), the pilot transitioned to the visual display for flare
and touchdown. The simulation permitted the pilot to stop,
turn, and taxi the airplane on the ground, but this was not part
of the evaluation task. The test engineer, who rode in the
copilot seat, recorded the pilot rating and pilot comments.

RESULTS AND ANALYSIS

The flying qualities criteria were evaluated by comparing the
level of flying qualities predicted for a given configuration with
the actual, or true, level of flying qualities for that configura-
tion. The true level of flying qualities for each configuration
was assumed to be represented by the average of the ratings
that the pilots gave that configuration. The Cooper-Harper
pilot rating scale used in this experiment is repeated here as
Figure 2-4. The results of this experiment are given in Tables
2-4 and 2-5 for the Group I and II configurations, respectively.
The first column in each of these tables lists the configurations
by number. The next column gives the mean pilot rating for
each configuration. The third column, labeled R, is the actual,
or true, level of flying qualities for each configuration, based on
the mean pilot rating. Every configuration in Group I was
rated by at least three different pilots, some by four, and some
by all five pilots. In Group II, one configuration was rated by
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TED TASK OR AIRCRAFT DEMANDS ON THE PILOT PiLOT
Aomt;:co:)ms:’sg:‘s:‘;gwes ° CHARACTERISTICS IN SELECTED YASK OR F.EQUIRED OPERATION® RATING
EXCELLENT PILOT COMPENSATION NOT A FACTOR FOR 1
HIGHLY DESIRABLE DESIRED PERFORMANCE
G000 PILOT COMPENSATION NOT A FACTCR FOR 2
NEGLIGIBLE OEFICIENCES DESIRED PE RFORMANCE
FAIR_ SOME MILDLY MINIMAL PILOT COMPENSATION REQUIRED FOR 3
UNPLEASANT DEFICIENCIES DESIRED PERFORMANCE
3 ves MINOR BUT ANNOYING DESIRED PERFORMANCE REQUIRES MODE RATE .
DEFICIENCIES PILOT COMPENSATION
'S 17 NO °E;,'f,'§'ﬂ$s MODERATELY OBJECTIONABLE ~ ADEQUATE PERFORMANCE REQUIRES 5
AT A ey OUT IMPROVEMENT || DEFICIENCIES CONSIDERABLE PILOT COMPENSATION
IMPROVEMENT?
: VERY OBJECTIONABLE 8UT ADEQUATE PERFORMANCE REQUIRES EXTENSIVE 6
TOLERABLE DEFICIENCIES PILOT COMPENSATION
YES
ADEQUATE PERFORMANCE NOY ATTAINABLE WiTH
MAJOR DEFICIENCIES MAXIMUM TOLERABLE PILOT COMPENSATION 7
CONTROLLABILITY NOT IN QUESTION
LAy no | DEFICIENCIES
ATTAINABLE WITH A TOLERABLE 'M,,'}“(?VUE'SENT b1 MAJOR DEFICIENCIES CONSIDERABLE P1LOT COMPENSATION IS REQUIRED| o
PILOT WORKLOAD? FOR CONTROL
MAJOR DEFICIENCIES INTENSE PILOT COMPENSATION IS REQUIRED TO °
RETAIN CONTROL
vES
S No ATION OF
IMPROVEMENT MAJOR DEFICIENCIES CONTROL WILL BE LOST DURING SOME PORTIOI 10
'T CONTROLLABLE? MANDATORY REQUIRED OPERATION
DEFINITION OF REQUIRED OPERATION INVOLVES DESIGNATION OF FLIGHT
PHASE AND/OR SUBPHASES WITH ACCOMPANYING CONDITIONS
3 COOPER-HARPER REF NASA TND-5153
PILOT DECISIONS

- FIGURE 2-4. COOPER-HARPER PILOT RATING SCALE

one pilot, one by two pilots, and the rest by three, four, or five 2.5, to facilitate evaluation of this criterion. The ARP 842B
pilots. The average number of ratings per configuration was  short-period criterion is stated, not in terms of levels, but by

3-2/3 for both groups. the terms “acceptable augmented,” “acceptable unaug-
mented,” and “unacceptable.” These terms bear a similarity to
3 While the criteria generally do not have half levels, a con-
1 figuration that falis near a level boundary probably is in-
distinguishable from a configuration just across the boundary. 100

Therefore, half levels were created for most of the criteria by
the rules given in Table 2-6. Some of the criteria do not have a
boundary for every level. The MIL-F-8785B short-period fre-
quency criterion, for example, has a common lower bounday
for levels 2 and 3. A level 2 boundary was added midway be-
tween the level 1 and level 3 boundaries, as shown in Figure
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the definitions of the flying qualities levels, so were equated to
levels 1, 2, and 3, respectively, as shown on Figure 2-6. Level
1, 2, and 3 regions are similarly defined in Figure 2-7 for the
short-period criterion of Reference 2-3.

06
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T
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o4l - :
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) AUGMENTED
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o2l  |lumucuenten
LEVEL 1 :
|
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1173
FIGURE 2-6. ARP 8428 SHORT-PERIOD CRITERION
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FIGURE 2-7. SHORT-PERIOOD CRITERION OF REFERENCE 3

The fourth column, labeled R, is the level of flying qualities
predicted for each configuration using the Bandwidth Model
criterion. The name Bandwidth Model is used to refer to the
pilot-model-in-the-loop pitch tracking task criterion. The
number at the bottom of the column (23 for Group I and 23 for
Group II) is the total error (in half levels) of these predictions.
Inspection of the totais for all criteria reveals that the Band-
width Model criterion is the best performer for the Group I
configurations and is second to dy/dV for Group II.

The flightpath stability criterion (R,) is the second best per-
former for the 42 configurations. This is an indication that
pilots are more sensitive to bad {lightpath response than they
are to bad pitch response. The MIL-F-8785B short-period fre-
quency criterion (R,) was the poorest performer overall and
also for Group II, but was slightly better than the worst for

Group 1. The short-period damping ratio criterion (R,) per-
formed better than Ry, though pilot opinion should be insen-
sitive to it over a wide range. Even the phugoid stability
criterion (Ry) outperformed Ry The static stability criterion
(Rg} was evaluated, but not on the basis of levels. The positive
answer was considered an estimate of level 1 to 2-1/2, and a
negative answer as level 3 to 4. On this basis, R; was wrong for
eight of the 26 configurations of Group I. A more meaningful
observation is that only half of the statically unstable con-
figurations are level 3 or worse. This means that in half the
cases, a requirement for positive static stability was not need-
ed to achieve level 2 flying qualities. The performance of Ry
with Group II is not mentioned because it was not varied in
Group II.

There is no methodology in MIL-F-8785B for combining the
estimates for several criteria to get an overall airplane level of
flying qualities. One can only guess that the overall flying
qualities will be as bad as the worst rating, or perhaps worse.
Criterion Ry, is an overall predicted level of flying qualities
based on the MIL-F-8785B criteria. It is equal to the worst of
R, to Rg and turns out to be a poorer performer than any other
criteria except R; and R;. The prediction of R,; was better than
actual in six cases and worse than actual in 28. While it is bet-
ter to err on the conservative side, this performance is too con-
servative.

The last two criteria evaluated, the short-period criteria of
ARP 842B (Rg) and of Reference 2-3 (Ry), performed well, be-
ing third and fourth best out of eight when both groups are
considered. They both performed betier than the MIL-F-8785B
short-period criteria. Inspection of the data for P, and R, sug-
gests a combination criterion, R,;, which is defined by the
equations:

R;; = R, when R, >R,

= 1/2(R; + Ry when R, <R,

The results show that this combination criterion is better than
any of the other criteria evaluated. The sum of the errors is 31
half-levels for 42 configurations. Further, when the charac-
teristics covered by the various criteria are taken into account.
such a criterion makes more sense. The Bandwidth Model
criterion is sensitive to all parameters varied in this experi-
ment, except dy/dV. Thus, a criterion which takes both the
Bandwidth Model and dy/dV criteria into account is sensitive to
all the parameters varied in this experiment.

SUMMARY AND CONCLUSIONS

A number of longitudinal flying qualities criteria were
evaluated against the results of a motion base simulation of
large transport aircraft in the landing approach. The criteria of
MIL-F-8785B performed poorly overall. Two short-period
criteria, from ARP 842B and Reference 2-3, performed ade-
quately. The best performance was exhibited by a criterion
combining the results of a pitch tracking task and the flight-
path stability criterion.
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ABSTRACT

A model-based technique for predicting pilot opinion ratinas
is described. Features of this procedure, which is based on the
optimal-control model for pilot/vehicle systems, include (1) capa-
bility to treat "unconventional" aircraft dynamics, (2) a relatively
free-form pilot model, (3) a simple scalar metric for attentional
workload, and (4) a straightforward manner of proceeding from
descriptions of the flight task environment and requirements to a
prediction of pilot opinion rating. The method was able to
provide a good match to a set of pilot opinion ratings obtained in
a manned simulation study of large commercial aircraft in landing
approach.

INTRODUCTION

Manufacturers of commercial aircraft require more general and
more reliable methods of predicting aircraft handling qualities
than currently exist. Existing criteria have been develored
primarily for military aircraft and have been validated largely
for high-performance aircraft such as fighters. At present,
reliable techniques for extending existing criteria to large
commercial transports are not available.

* The research described in this paper was supported by NASA Langley
Research Center under Contract No. NAS1-15529.




This paper summarizes the results of a study performed by
Bolt Beranek and Newman Inc. (BBN), with the aid of Douglas Aircraft
Company (Douglas), to develop and test a model-based technigue
for predicting the influence of aircraft response parameters and
other relevant factors on pilot opinion ratings. While the
procedure is intended to have general application, the focus in this
paper is on large transports. Frequent reference is made to a manned
simulation study performed by Douglas in 1975.* To facilitate
discussion, the analytic study that is the subject of this paper
will be referred to as the "BBN study”, whereas the preceding
simulation program will be referred to as the "Douglas study”.
Further documentation of the BBN study is provided in {1].

Vehicle-Centered Handling Qualities Criteria

Handling gualities specifications are based almost exclusively
on open-loop vehicle response characteristics [2]. Criteria are
specified for both transient response and frequency response
characteristics.

Handling gqualities requirements based on vehicle response
characteristics -- particularly frequency-response behavior -- are
convenient because the aircraft manufacturer can evaluate the
performance of his aircraft in this regard through a series of
relatively straightforward in-flight tests. He need not be concerned
with the interaction between the vehicle and the pilot, which,
of course, will vary from one test pilot to the next. The ease with
which compliance can be tested, plus the existence of a substantial
body of relevant handling qualities data, provide a strong motiva-
tion to relate handling qualities to open-loop vehicle response
characteristics.

Despite the relative convenience with regard to compliance
testing, application of vehicle-centered handling qualities
specifications to large commercial transports is limited in a
number of ways; for example:

a. Existing handling qualities criteria have been developed
primarily for military aircraft. Furthermore, these criteria 3
have been validated largely for high-performance aircraft {
(fighters, etc.) Thus, application to large commercial
transports cannot be undertaken with great confidence.

* This effort included a subcontract to Douglas Company to

provide a data base extracted from the 1975 Douglas simulation study
and to provide other consulting services. Mr. William W. Rickard
was project engineer for the Douglas effort.




b, Most existing criteria are based on simple models of aircraft
dynamics in which phugoid and short-period response character-
istics can be distinguished. Consequently, application to
aircraft having relaxed static stability and substantial
control augmentation is dubious at best.

c. For the most part, effects of turbulence are not considered.
This oversight neglects a potentially important aspect of flying
qualities and is a consequence of considering only open-loop
aircraft characteristics.

d. Effects of displays (such as flight directors) are not considered.
To the extent that display parameters influence overall mission
suitability (and, therefore, pilot opinion rating), a method
for predicting handling qualities should account for the
effects of display parameters.

e. Present method do not consider effects of dynamic aeroelasticity.

Model-Based Schemes for Predicting Handling Qualities

Pilot/vehicle analysis can allow considerably greater insight
into the handling qualities of an aircraft control system than can
be obtained by analysis of open-loop response (which is usually
what counts in terms of meeting mission requirements), and the
demands made on the pilot can be explored. The effects of external
disturbances and control/display parameters, as well as inherent
pilot limitations, can be considered. Furthermore, predictive
schemes based on pilot/vehicle analysis are not constrained to
deal with "conventional" dynamics and are thus potentially more
general than techniques based solely on open-loop vehicle character-
istics.

Until recently, application of pilot/vehicle analysis to
studies of vehicle handling qualities has been based primarily on
servo-theory techniques. Central to these techniques is a fregquency-
domain model of the pilot which is generally structured so that
feedback loops are closed serially, rather than in parallel.
Typically, the pilot's control strategy for each loop is represented
by a low~frequency gain, a lead-lag network, and an equivalent
time delay to represent inherent information-processing delays.
(Usually, pilot neuromuscular lags are neglected or are incorporated
into the effective time delay.)
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Analysis of the pilot/vehicle system is based on the assumption
that the pilot attempts to achieve "good" performance in terms of
the gain-crossover frequency and phase margin associated with each
control loop. Ideally, crossover frequencies are kept sufficiently
large to assure adequate response bandwidth while comfortably
large phase margins and damping ratios are maintained in order to
assure high-frequency stability. By use of root locus technigues,

a set of pilot gains and lead time constants is found which best
satisfies these requirements. If the closed-loop frequency

response is not within the desired envelope, or if substantial pilot
lead generation is required, then the pilot rating has to be
degraded to take these factors into account [3].

Perhaps the most comprehensive effort to apply classical
control theory to the prediction of aircraft handling qualities
has been conducted by R. 0. Anderson and his associates in the
development of the "Paper Pilot" analysis scheme [4]. This scheme
relates pilot rating to metrics of both closed-loop system
performance and pilot workload, and it introduces the concept that
the pilot operates so as to minimize his rating score.

Pilot rating is assumed to be an explicit function of system
performance and pilot lead requirements (lead compensation being
the index of pilot workload in this scheme). A pilot model of
the type described above is used in this scheme, and pilot
parameters are adjusted to minimize pilot rating. Good matches
to experimental data have been obtained for a variety of control
tasks through appropriate formulation of the rating expression and
adjustment of the relative weighting coefficients associated with
per formance and workload (i.e., pilot lead) [4-7].

This analysis scheme allows one to account for some of the i
factors (other than open-loop vehicle response characteristics) %
that influence pilot opinion. Pilot compensation and gain require-
ments are determined directly, and the susceptibility of the system
to PIO's can be estimated from the closed-loop pole-zero and Bode
plots. Effects of external disturbances, and to some extent
display parameters, are accounted for.

Perhaps the most serious limitation of the Paper Pilot scheme
is that no general rule has yet been determined for choosing the
precise form of the rating expression or for selecting the various
weighting coefficients. Other factors limiting the generality
of this and other procedures based on servo-theory models include:
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(a) use of a relatively constrained fixed-form pilot model;

(b) the need to assume specific loop closures prior to analysis;

{c) a cumbersome treatment of pilot workload, especially when
multiple loops are closed; and (d) the inability to account directly
for factors related to the perceptual environment (e.g., perceptual
resolution limitations, whole-body motion cues).

Building on the ideas of Anderson, staff members of Bolt
Beranek and Newman (BBN) Inc., suggested a model-based scheme to
overcome some of these limitations.* Attentional workload was
defined in terms of a model parameters, and the pilot was assumed
to tradeoff between workload and a scalar metric of system
performance to minimize the numerical pilot rating. A rating
expression, formulated as a function of "workload" and performance,

was tested against existing experimental data with encouraging
results.

More recently, Hess [8] has described a model-based scheme
for predicting pilot raitngs similar to that suggested by BBN.

; He suggests an index of performance that consists of a weighted sum
3 of integral- (or mean-) squared error and control terms. "Error"
is a vector quantity that consists cf the system variables that
the pilot wishes to maintain within acceptable limits. The pilot
is assumed to adopt control and estimation strategies that minimize
this performance index.

Hess proposes a model structure, based on modern (or
"optimal") control theory, to allow one to predict the performance
index for various flight tasks. This model is a modified implementa-
tion of the model originally suggested by Kleinman, Baron, and
Levison [9, 10]). The latter model forms the basis for the prediction
i scheme that is the subject of this paper.

Hess tested his scheme against 19 different configurations ]

covering a range of pilot ratings. "Cost" coefficients of the l
guadratic performance index were chosen to match experimental

3 scores, and pilot-related model parameters were chosen partly

! on the basis of previous results and partly to match observed
performance. Pilot ratings could be matched to within +1 rating
unit by a linear relationship between pilot rating and the logarithm
of the performance index. More recently, Schmidt has used this
prediction scheme as the basis for a model-based control design
procedure [1l1].

* "A Technique for Predicting Aircraft Handling Qualities as a
function of System Performance and Attentional Demand", Technical
Memorandum CSD-7, November 1974, Control Systems Department, Bolt
Beranek and Newman Inc., Cambridge, Massachusetts.
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Although not validated as a reliable predictive tool, Hess'
procedure lays the foundation for a scheme that seems to overcome
some of the limitations inherent in technigques based on classical
servo analysis. The basic form of the performance index is
consistent across tasks, the form of the pilot model and nature of
loop closures are determined by the optimal pilot model and need
not be specified by the user, a scalar metric of workload is
provided, and factors related to perceptual environment are
considered.

Perhaps the most severe limitation of the optimal-model-based
approach, as developed so far, is the requirement to specify
numerous task- and pilot-related model parameters. To some extent,
the "artistry" in specifying pilot model forms and loop closures
for servo-theory models is replaced by the artistry in specifying
pagaTeters {(especially weighting matrices) of the optimal-control
model.

Another limitation, in the opinion of this author, is the lack
of a suitable metric for information-processing workload. The
metric proposed by Hess (the number of system variables to be
regulated) does not appear to add to the rating scheme beyond
what is encompassed by the performance index. That is, if workload
is to be related to controlled variables that are of concern to the
pilot, then only those variables contributing significantly to
the performance index will increase pilot workload. Such effects
are accounted for by the numeric value of the index itself.

The methodology described in this paper builds upon the work
of Hess and encompasses a pilot rating prediction scheme based on
the optimal-control model for pilot/vehicle performance. Emphasis
is placed on the predictive aspects of the procedure, and a
rationale is offered for selecting model parameters on the basis
of an adequate description of the task and in the absence of
experimental data. 1In addition, a well-defined model parameter is
suggested as a potential scalar workload metric for the purposes
of predicting pilot opinion ratings.

METHODOLOGY

Because pilot opinion is assumed to reflect both pilot workload
requirements as well as system performance capabilities, methods
for predicting pilot ratings should include consistent and
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straightforward treatments of workload. Therefore, before proceeding
with a description of the proposed rating scheme, let us briefly
review the concept of workload as used in this study.

The term "workload" is intended to refer to information-
processing -- rather than physical -- activity of the pilot.
Specifically, workload is considered synonomous with "attention"
in the remainder of this paper. Although attention is not defined
here in a way that lends itself to direct physical measurement,
the pilot model used in the rating prediction scheme does include
a parameter that can be related to attention on both theoretical
and empirical grounds. Thus, for the purposes of obtaining rating
predictions, attention (workload) is an unambiguous and workable
concept.

Basic Approach

The prediction scheme described in this report is based on
the following assumptions: (a) pilot rating is a function of the
flight task; (b) for a given flight task there exist one or more
zritical subtasks which serve as the primary determinants of pilot
reting; (c) performance requirements are well defined for each
c:citical subtask; (d) pilot opinion is based partly on the degree :
to which desired performance is achieved and partly on the ’ ?
information-processing workload associated with the task; and
(e) a reliable model exists for predicting performance/workload ﬁ
tradeoffs for relevant flight tasks. '

These assumptions lead to the procedure diagrammed in Figure 1.
The following steps are required for predicting an average pilot
rating for a specific situation.

1. Task Defirition. Pilot opinion ratings are task dependent.

For example, the rating associated with a specific vehicle,

relative to other vehicles or other configurations of the same

basic airframe, may not be the same in final approach as, say, in
high-altitude cruise. Therefore, separate assessments must be

made for each flight task of interest. ]

2. Subtask Definition. Use of the methodology requires a 1
quantitative description of the specific task or subtask for which
predictions are to be obtained. For example, if ratings are desired
for landing approach, a critical aspect of that task (say, ILS
tracking) must be quantified. Task specification requires a
linearized description of vehicle dynamics plus a quantitative
description of the external environment (e.g., spectral character-
istics of the wind gusts if the subtask is path regulation in the
presence of zero-mean random turbulence).
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3. Define Performance Criteria. Performance criteria must be
defined in precise quantitative terms. 1In order to obtain
performance/workload predictions with the pilot/vehicle model used
in this procedure, a guadratic performance index containing

error- and control-related terms must be specified. The user must
specify both the terms to be included in the performance index

as well as values for the cost weighting coefficients. Cost
weighting coefficients based on assumed maximum allowable values
are suggeted. As illustrated below, these coefficients are
determined partly from the physical constraints of the flight
control system, partly from objective performance requirements of
the closed-loop system, and partly from pilot preference. The
performance criterion used in the rating expression should be a
monotonic functin of this guadratic performance index.

4. Predict Performance/Workload Tradeoff. The "optimal-control"
pilot/vehicle model is used to predict performance as a function
of information-processing workload. "Workload" -- considered
synonymous with "attention" in the context of the model -- is
defined in terms of a model parameter relating to signal/noise
characteristics of the human operator.

5. Predict Pilot Rating. The results of the preceding step are
used in a rating expression to predict the pilot rating. If
experimental data are available for the flight task/subtask of
interest, a regression analysis is performed to "calibrate" the
independent parameters of the rating expression; in this case,
absolute rating predictions are obtained. In the absence of such
calibration data, rating parameters are adjusted on the basis of
previous results, and rating predictions are interpreted on a
relative basis with regard to predictions obtained for other vehicle
configurations.

2.2 Pilot/Vehicle Model

The prediction technique described in this paper is built
around the so-called "optimal-control" model for pilot/vehicle
systems. The theoretical foundation for this model has been
described in the literature [9, 10], and the model has been valida-
ted for both simple laboratory tracking tasks [9, 10, 12-14] as
well as for more complex control situations [15-17). As discussed
above, this model has also been shown to yield good handling
qualities predictions ([8].

Key features of the model are summarized below. The reader

is directed to the literature for details on theoretical development
and validation.
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The model is based on the assumption that the well-motivated,
well-trained human operator behaves in a near optimal manner
subject to his inherent constraints and limitations. The operator
is assumed to adopt strategies of state estimation and control
that minimize a "cost function" (or performance index) of the form:

T N N

c 1 Y 2 u 2 .2
E {%flf fol I ogyvi (8) + ) (rjuf (8) + g af(t)lat} (1)

J

]

i=1 i=1

where the y. are system variables (observed by the pilot) that are
to be maintdined within acceptable limits, u, are the pilot's
control inputs, and q.,, r., and g, are weigh%ing ("cost")
coefficients. 1 1 *

Pilot-related limitations reflected in the model include
information-processing delay, response bandwidth limitations,
response randomness, and limitations related to perception.

Information-processing delay is accounted for by a pure time
delay which, for mathematical convenience, is associated with the
perceptual process. Generally, a time delay of 0.2 + 0.05 seconds
provides a good match to experimental data. To the extent that
control activity is limited by operator response limitations (as
opposed to limitations of the physical control svstem), a good
match to experimental data can be obtained by selecting the cost
coefficient on control rate to yield a lag time constant of
approximately 0.1 seconds. (This lag is not lumped into the pure
delay term.)

The "observation noise" and "motor noise" parameters account
for response randomness; the former accounts as well for perceptual
limitations. The motor noise term is included primarily to reflect
limitations in the pilot's knowledge of the response characteristics
of his vehicle; a typical value of motor noise is -60 dB, normalized
with respect to control-rate variance.*

The stochastic portion of the pilot's response ("pilot
remnant") is accounted for largely by an observation noise process.
Each perceptual variable utilized by the pilot is assumed to be
perturbed by a Gaussian white noise process linearly independent

* Various representations of motor noise have been explored durinc
tne development of the optimal-control model [183, 19]. For the
version used in this study, motor noise was represented as a
Gaussian white noise process injected in parallel with commanded
control rate and normalized with respect to the varaince of the
commanded control rate.
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of other such noise processes and of external inputs to the system.
In the case of a single-variable steady-state tracking task in
which perceptual threshold- and saturation~type limitations are
negligible, the variance of each observation noise process appears
to scale with the variance of the associated perceptual variable.
Thus,

V., = 7P. o (2)

where y; (t) is the ith perceptual variable, 05 is the variance
i

of that variable, p. is the "observation n01se/51gnal ratio"

associated with peréeptlon of Y; and A is the autocovariance

of the white observaton noise processes. This expression can be
modified to account for limitations associated with perceptual
resolution [20].

The model is able to reproduce pilot response behavior in a
number of simple laboratory tracking tasks with a nearly constant
value of noise/signal ratio of about 0.01 (i.e., -20 dB). The
consistency of this parameter across tasks and across subject
populations suggests that it reflects a basic central-processing
(rather than perceptual or motor) limitation, and these results
have led to the following model for central attention sharing:

_ 9 1
P, = 7T, T (3)

where ft is the fraction of attention devoted to the tracking
task as a wnole, fi is the subfraction of such attention devoted

to display variable y., and P_ is the baseline noise/signal

ratio associated with‘a high-workload single-variable tracking
task (typically, -20 dB).

The attention-sharing model of Eg. (3) has a theoretical base
2] and has been validated in a study of multi-axis tracking by
.evison, Elkind, and Ward [12], who found that this model yielded
accurate predictions of multi-axis system performance. Wewerinke
'22] has also obtained generally good agreement between subjective
workload assessments and a "workload index" based partly on this
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model. (Wewerinke's workload index uses both the noise/signal
ratio at which the pilot operates, as in the model suggested here,
plus the sensitivity of the performance index to fractional
changes in this noise ratio.)

When analyzing tasks using symbolic displays, it is usually
assumed that attention must be shared among the display elements
used by the pilot; that is, information obtained from one element
at the cost of degrading the information obtained from another.*

If the large eye movements are necessary, visually obtained informa-
tion is further degraded because of the apparent loss of perception
that occurs immediately before, during and after each eye movement
[23]. This loss is modeled by letting the fi sum to a value

less than unity. Thus,

J£i=1-f (4)
1

where f 1is the fraction of time "lost", on the average, because
of scanning. If displays are centrally located and attention-
sharing is primarily central in origin, £ _ is assumed zero and
fractional attentions sum to unity. °©

In a specific application, values for fi may be chosen (subject

to the above constraint) to reflect some hypothesized allocation

of attention, or model solutions may be used to find the allocation
of attention that yields optimum performance. That is, one may

use the model to predict the optimal allocation of attention.

The model parameter, ft’ representing attention to the control

task as a whole, serves as the metric for workload in the proposed
handling qualities prediction scheme. Because it is a scalar
quantity, it may be used in a straightforward manner to predict
handling qualities for multi-variable, multi-axis flight control
tasks. Unlike workload metrics used in alternative model-based
prediction schemes, the attention parameter defined here has a
theoretical as well as empirical basis.

* No interference is assumed between position and rate information
obtained from the display element.
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Because the predicted "cost" for a giwven task increases
monotonically with increasing noise/signal ratio, and because
noise/signal ratio is related inversely to the attention parameter
ft’ cost is a monotonically decreasing function of "workload" as

we have defined it here. Thus, if other independent model parameters
are kept fixed, tradeoff curves of performance versus workload

can be predicted for configuration of interest. As described

below, these curves can be further processed to yield predictions

of pilot rating.

Prediction of Pilot Rating

In keeping with Anderson's philosophy [4], pilot rating is
predicted by means of a mathematical expression that includes
both performance and workload effects. 1In general, "performance"
is defined in terms of the performance index of Eg. (l) or some
other scalar function of the signal deviations predicted by
model analysis. As described above, "workload" is synonymous
with the total attention to the task, ft’ which affects performance

through the noise/signal ratio.

Best results in this study were obtained through use of a
performance metric defined as the joint probability of one or
more system variables being outside their respective "limits"

(i.e., maximum desirable values). The following alternative
philosophies were tested and found to yield good replications of
experimentally obtained pilot ratings: (1) pilot rating is

determined by the performance achievable at some particular level

of workload; (2) pilot rating is determined by the workload required
to achieve some criterion level of performance; and (3) pilot

rating is a continuous function of both performance and workload,
and the pilot operates at a workload so as to minimize the

numeric value of his rating (i.e., achieve the best rating).

These philosophies were implemented, respectively, by the
following rating expressions:

g
R=1+9 —3—
o+ | A=A, (5)
1
R=1+ o= _ (6)
A+ A ]o—co
— g A
R =10 | Gto. T AT A (7
o o

1 <R < 10
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where R is the predicted pilot rating on the Cooper-Harper Scale
[24); o0 is predicted performance in terms of a probability as
defined above, A is the attention model aprameter (equivalent to
§rof Eq. (3)), and LIS and Ao are constants of the rating

expressions.* For convenience, we shall refer to these rating
expressions as the "performance model", the "attention model",
and the "minimum-rating model".

The first two expressions are intended as predictors of rating
only, not as predictors of the specific point on the performance-
workload tradeoff curve at which the pilot will operate. The i
minimum-rating expression of Eq. (7), on the other hand, embodies ;
the notion expressed by Anderson that the pilot trades between
performance and workload in such a way as to minimize the rating
score. 1a principle, use of the minimum-rating expression
should allow one to predict pilot worklcad and overall system
performance as well as the pilot rating.

DATA 32ASE

The data base used for developing and testing the handling
qualities prediction scheme was obtained from two sources: (1)
an experimental study performed by Douglas Aircraft Company in T
1975, [25], and (2) the results of a guestionnaire, submitted

during the course of this study, to the test pilots who participated
in the Dcuglas study.

Description of Experiments

A manned simulation study was conducted by Douglas to explore
the applicability of various hanuling qualities criteria to
longitudinal flying qualities of large transport aircraft in the
landing approach. Criteria that were evaluated included several
vehicle~centered criteria from MIL-F-878SB {1], vehicle-centered
criteria from other sources [25], and a pitch tracking criterion
involving a closed-loop pilot model [2]. This study is described

in detail by Rickard {25]; a summary of the experiments is given :
below.

* Numerical values for A_ and ¢_ may vary from one expression to
the next. ° c
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The Douglas study explored a total of 42 vehicle configurations.
The first group of 26 configurations were obtained by selecting
stability derivatives typical of wide-body aircraft and either
varying the simulated cg location from far forward to far aft of
the neutral point, or by varying a single stability derivative.
Confiqurations of the second group were obtained by specifying
vehicle frequency-response characteristics and then solving for
the stability derivatives. All handling-gualities variations were
confined to the longitudinal control axis; lateral-directional
aircraft parameters were kept fixed throughout the experiment to
provide response characteristics typical of a wide body transport.

Five Douglas test pilots performed evaluations of t+hese config-
urations on a six-degree-of-freedom moving-base simulator. Each
evaluation typically consisted of two ILS approaches: the first
performed in the absence of simulated atmospheric disturbances,
the second in the presence of simulated zero-mean turbulence.
Approach was initiated at a range of 7.4 n. mi. from runway
threshold at an altitude of 1500 feet on the extended runway
centerline. The 3-degree glide slope was intercepted at a range
of about 4.7 n. mi.; the pilot flew down the glide slope relying
on ILS instrumentation for path information to an altitude of
about 700 feet, at which point the pilot transitioned to a visual
display for flare and touchdown.

The test pilots were encouraged, in general, to perform
maneuvers that would aid in their evaluations (e.g., intentionally
impose and then eliminate a path or attitude error), but no
specific set of maneuvers was required. A single Cooper-Harper
rating was given by each pilot for the pair of still-air and
turbulent-air approaches for each configuration. Some configurations
were evaluated more than once by some of the test pilots.

Evaluations were performed on the basis of approach performance
only; flare and touchdown characteristics were not considered.

Configurations Explored in the BBN Study

The rating expressions described in Eq. (5) - (7) were tested
against eight configurations selected from the first group used
in the Douglas study. These configurations were chosen to span
a range of pilot ratings as well as a range of handling qualities
problems. Modal characteristics for the configurations explored
in the BBN study are given in Table 1.




TABLE 1

Configuration Characteristics

v =140 kts vy = -3° wt = 350,000 1lbs
contigr | w6y o | gy | e Javer [T T |
[w] {e] i
1 0.846 0.628 0.186 | 0.072 | 3.80 | -0.040 | -0.084 | -0.506 !
3 (-0.633) | (-0.307) | 0.086 | 0.318 | 4.14 | -0.049 | -0.082 | -0.556 §
4 (-0.811) | (+0.090) | 0.200 | 0.636 | 4.20 | -0.051 | -0.082 | -0.564 i
5 (-0.909) | (+0.158) | 0.210 | 0.479 | 4.24 | -6.053 | -0.082 | -0.568 *
) 0.811 0.662 0.194 | 0.041 | 4.04 | +0.339 | +0.041 | -0.631
15 (-0.991) | (+0.225) | 0.211 | 0.388 | 4.29 | -0.055 | -0.082 | -0.575
16 (-1.061) | (+9.291) { 0.210 { 0.331 | 4.35 | -0.057 { -0.082 | ~0.583 ;
21 0.441 0.665 0.170 | 0.043 | 1.05 | +0.285 | [0.149} | [0.676]

sp = short-period natural frequency, rad/sec

sp = short-period damping ratio

ph = phugoid natural freaguency, rad/sec
ph = phugoid damping ratio

n/o = normal acceleration per unit angle of attack,
g/rad

dy/dv = path angle change per speed change, deg/kt

T, = numerator time constant, sec

( ) signifies first-order factor

* Configuration number of the Douglas Study [25].




The test pilots were assumed to utilize the ILS instrument,
attitude indicator, and airspeed indicator as their primary
displays during the instrument-flight portion of the simulated
approach.

Zero-mean turbulence was simulated in the three linear and
three rotational degrees of freedom in the Douglas study.
Turbulence models(based on models suggested in the flying
qualities specifications [1]) were used to provide disturbances
to longitudinal-axis variables. RMS u- and w- gust levels were
fixed at 7.8 ft/sec and 6.5 ft/sec, respectively. Further details
on these gust models are given in reference [1].

Performance Requirements

Application of the prediction scheme described above requires
that one or more specific subtasks be selected for analysis and
that performance requirements be specified for each subtask. To
obtain this information, a questionnaire was prepared by BBN and
administered by Douglas personnel to 4 of the 5 test pilots that
had participated in the 1975 manned simulation study. Through
this questionnaire the pilots were requested to (1) state whether
or not pilot ratings were determined primarily by longitudinal
handling characteristics; (2) specify whether ratings were based
mainly on the instrument-flight or visual-flight portions of the
approach; (3) specify, in order of priority, the subtasks that
were important determinants of pilot rating; and (4) specify in
as quantitative manner as possible the "desired" and "acceptable"
levels of performance for each subtask. A sample of the
questionnaire is provided in reference [1].

All four pilots agreed that lateral-directional handling
qualities were quite satisfactory and that pilot ratings were
influenced primarily by longitudinal handling characteristics.

They all stated that the instrument-flight phase was more important
in determining ratings.

All subjects indicated at least three subtasks as important
determinants of pilot rating. Relative importance of these
subtasks for the subject population as a whole was determined from
"priority score", computed by assinging 5 "points" to an item
receiving highest priority, 4 points to the next priority, and so
on to 1 point for tasks ranked fifth or more in the list. Priority
scores for each task are shown in Table 2, along with the total
score obtained by summing across pilots.
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Table 2

Priority Scores for Important Subtasks

)
|
l
|

Priority Score
BM | JgM | AT |

i
e
Pt

[

Subtask B Total

Glide-sSlope Capture

Glide-Slope Tracking

Recover from Glide Slope Mistrim
Altitude Station-Keeping
Open-loop Response

Recover from Airspeed Mistrim
Recover from Pitch Mistrim

18
11
11

[ B S I S W BV, )
LWt s

|
1
i
|
l

|
|
|

PR wWwen
U NS

9
8
3
1

Table 2 shows that ratings were largely determined by the
ability of the pilot to regulate path error, Highest pricty was
given to tasks involving transient maneuvering (glide-slope
capture, correcting self-induced height error). Next in
importance were tasks requiring continuous regulation ot height
error (altitude station-keeping prior to glide slope acquisition,
post-acquisition glide-slope tracking). Open-loop response
and correction of pitch and airspeed mistrim were of substantially
less importance overall in terms of influencing pilot opinion.

Obtaining quantitative comments related to performance require-
ments was considerably more difficult than anticipated. Only
two of the four pilots provided quantitative responses, and only
one of these (Subject JM) differentiated between "desired" and
"acceptable" performance.¥* Performance requirements indicated
by these two subjects for tasks requiring continuous regulation
are given in Table 3. rable 3

able

Subjective Performance Requirements

L M | BM 1
Alt. Requlation G=$ Tracking G-S ]
i Desired Acceptable Desired Acceptable Tracking !
1 + 1/4 dot '
3t 200° ;
Height Error + 30 ft. + 100 fe. + 1/4dot, + ] dot + 1/4 dot
- - at 1100°'
Sinkrate Error | + 200 + 500 + 200 + 500 -
(£t/man) L,
Airspeed Error ; + 5 ! + 10 + 2 +5 -5, +10
(knots) AL ‘

* To aid the pilot in making this distinction, "adegquate" performance
was defined in the questionnaire as corresponding to the boundary
between a rating of 6 and 7, whereas "desired" performance was

to be associated with a rating of 1.
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Pilot Ratings

Mean and standard deviations of the pilot ratings obtained in
the Douglas study are given in Table 4, along with handling
qualities levels as determined from two of the vehicle-centered
criteria considered by Rickard [25]. Rating statistics were
derived by first averaging multiple ratings (where such existed)
for each pilot for each configuration, and then using these
averages to compute a mean and standard deviation across subjects
for each configuration,*

Table 4
Pilot Opinion Ratings

Pilot Rating |{dy/av wsp vs. n/na Static
Config.| Mean SD Level Level Stability

1

Yes
Yes

[T vy g

15
16
21

DN ONLE SN
NNNWwWwN WO
R N RN
[CXC RN N RWRY Y
B e
B S s e

<

®

]

' ! . | Yes

Mean rating for 5 pilots, configurations 1,2,4,5
Mean rating for 3 pilots, configurations 8,15,16,21

Table 4 shows both a wide spread of average pilot ratings
across the configurations explored in the BBN study as well as a
variety of handling qualities problems. The short-period
response criterion predicts adverse handling qualities for five of
the configurations -- four of which exhibit static instability.
Two of the remaining configurations, on the other hand, exhibit
adverse flight path stability (dy/dav).

TEST OF METHODOLOGY

The prediction scheme described above and diagrammed in
Figure 1 was applied to the data base obtained in the 1975 Douglas
study. In order to apply this scheme, twenty independent model
parameters had to be specified. As the following discussion
demonstrates, eighteen of these parameters were defined largely
on the basis of task analysis, tempered by some engineering judgement.

* Ratings shown for configurations 4 and 5 differ slightly from those
presented by Rickard, who computed the mean of all ratings pertaining

to a given configuration regardless of the number of evaluations
per pilot.
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Once selected, these parameter values were held fixed throughout

the analysis; only the two parameters of the rating expression
were adjusted to match experimental data.

Problem Definition

The methodology described in this paper was applied to the
general flight task of final approach, exclusive of landing.
On the basis of the questionnaire submitted to the Douglas test
pilots, two specific subtasks were initially selected for study:
continuous glide-slope tracking in turbulence, and recovery from
intentional glide-slope offset. Preliminary exploration of the
latter (transient) task was performed, but resources permitted
a complete analysis of only the continuous tracking task.
Therefore, discussion is confined to tests based on the continuous
tracking task.

Although continuous in nature, glide~slope tracking following
capture is not, strictly speaking, a steady-state task because of
time variations in various task parameters. For example, (a)
turbulence bandwidth changes with altitude; (b) path control
becomes more important as the touchdown point is approached; and
(c) since the ILS instrument displays path error in terms of
angular deviation, the effective display gain (inches of indicator
deflection per foot of height error) also varies with range.
Nevertheless, because these time variations are slow compared to
the time constants of important system variables, piecewise-steady-
state analysis can yield meaningful predictions of pilot/vehicle
performance at various points along the glide path.

A "frozen-point" analysis was performed at a simulated altitude
of 1000 feet. Parameters of the turbulence model appropriate to
this altitude (see reference [1]) were chosen for this analysis.

Weighting coefficients for the quadratic performance index
given in Eq. (1) were selected as the reciprocals of the maximum
allowable deviations (or "limits") on important system variables
-- a procedure that has been followed with apparent success in
previous applicatins of the optimal-control pilot model [8, 17, 27].
Limits of 117 ft. height error (corresponding to 1 dot glide-slope
deviation at an altitude of 1000 ft.) and 10 kts (16.9 ft/sec)
airspeed error were chosen on the basis of pilot commentary
summarized in Table 3. Limits of 40 pounds stick force (10 degrees
elevator deflection), 60 pounds/sec force rate, and 21,500 pounds
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thrust were chosen, in part, on the basis of physical constraints
of the control system. A limit of 10,750 pounds/sec rate of

change of thrust was chosen to induce a control-related lag time
constant of about 2 sec; this selection was based on the assumption
that the pilot would not make continuous wide-band thrcttle move-
ments during approach.

No limits (i.e., no terms in the quadratic performance index)
were associated with either sinkrate error or attitude variables.
Penalties on attitude variables were omitted because no limita-
tions on such variables were specified by the test pilot; sinkrate
error was omitted from the performance index to prevent overemphasis
on height-related variables. Despite the lack of explicit performance
penalties on attitude variables, the penalties on control-related
variables constrained the model to predict a reasonable "mix" of
height, attitude, and control deviations.

The pilots were assumed to make longitudinal-axis flight-control
inputs primarily on the basis of perceptual information obtained
from the ILS. attitude, and airspeed instruments. Rate informa-
tion was alsc assumed to be obtained from the ILS and attitude
indicators. Thus, the "display vector" assumed for model analysis
consisted of height, sinkrate, pitch, pitch rate, and airspeed
errors.

Attention was assumed to be divided equally between the ILS
attitude, and airspeed instruments;* no attention-sharing penalties
were considered between displacement and rate information from the
same physical display. On the basis of analysis performed in a
previous analytic study of landing approach [17], 34% of the pilot's
attention was assumed to be "lost" because of large eye movements
required to scan the flight-control instruments. Thus, fractional
attentions of 0.22 were associated with the ILS, attitude, and
airspeed displays.

Effective perceptual thresholds were computed from the display
gains (i.e., inches of display deflection per unit change in problem
variable), the eye-to-displav distance, and assumed values of
perceptual resolution limitations based on previous laboratory
experiments as described by Levison [1l]. A residual noise was also
associated with perception of pitch attitude change. Display and
performance-related model parameters are given in Table 5.

* To be entirely consistent with the notion of optimal pilot response
behavior, an allocation of attention should be determined that
minimizes the performance index. Previous studies have shown,
however, that an equal allocation of attention among essential
display variables yields model predictions very close to those
obtained with optimal attention sharing [27]. Therefore, to simplify
the analysis, uniform attention-sharing was assumed.
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Table 5

Display- and Performance-Related Model Parameters

Cost Residual | Relative
Variable Limit Coefficient Threshold Noise Attention
h 117 7.31 E-05 9.3 0 .22
h - - 37. 0 .22
0 - - .43 0.5 .22
gq - - 1.72 0 .22
us 16.9 3.5 E-03 1.9 0 .22
§ 40 6.25 E-04 - - -
e .
8 60 2.78 E-04 - - -
e
6t 21,500 2.16 E~09 - - -
ét 10,750 | 8.65 E~09 - - -
h = altitude error, feet
8 = pitch change, degrees
g = pitch rate, degrees/second
u. = airspeed relative to moving air mass,
i
feet/second
Ge = force on the control column, pounds

Gt = thrust deviation from trim, pounds
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Additional pilot-related model parameters -- not shown in the
table -- were (a) an observation noise/signal ratio of -20 dB
associated with a relative attention of unity, (b) a motor noise/
signal ratio of -60 dB, and (c¢) a time delay of 0.2 seconds.

Prediction of Performance/Workload Tradeoffs

Performance/workload tradeoffs were predicted for each of the
eight configurations defined in Table 1. For purposes of predicting
handling qualities, "performance" was defined as the probability
of one or more system variables exceeding maximum allowable
values. To obtain an approximation to this joint probability,
system variables were treated as independent Gaussian variables,

Pr = 1 - 2 (1-Pr.) (8)
i i

th

where 2 is the probability that the i variables of interest

will lie outside its prescribed boundary, and Pr is the probability
that at least one such variable is out of bounds. The probability
Pr, was readily computed from the predicted variance of the it

system variable. (Since we considered steady-state conditions, all
variables were assumed to be zero-mean Gaussian processes.)
"Workload" was represented in the analysis by the attentional
variable ft; the fi were adjusted to reflect attention-sharing

as shown in Table 5. A noise/signal ratio P0 = 0.01 was associated

with a relative attention of unity. Thus, variations in attentional
workload were reflected by changes in the noise/signal ratios
according to Eg. (3).

Predictions of performance versus attentional workload are
shown in Figure 2 for the eight configurations explored in the BBN
study. Values of attention shown on the abscissa are relative to
that inferred from data obtained in a standardized laboratory
tracking task. That is, unity attention is intended as a benchmark
level of workload and does not necessarily relate to maximum
effort or capability. Thus, for configurations in which predicted
performance is especially sensitive to attention, predictions are
shown for relative attentions greater than unity.
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The trends shown in Figure 2 are consistent with the pilot
ratings given in Table 4. Except for configuration 8, the ordering
of the performance/workload curves is consistent with the ordering
of the pilot ratings. For attentions of 0.5 and greater, predicted
performance for the remaining seven configurations follows the
trend of the ratings. Operation on these results to yield predicted
pilot ratings is discussed below.

Predicted Ratings

The three rating expressions presented in Figs. (5-7) were
applied to the performance/workload tradeoff curves to provide a
test of the proposed methodology. Values were assigned to the
independent parameters of each expression as shown below in Table 6.

Table 6

Independent Parameters for the Rating Expression

Expression | % |
Performance Model 5.3% 0.50
Attention Model 5.0% 0.47
Minimum-rating Model 10.0% 2.0

The value of Ao of the performance model was chosen to represent

a moderate-to-high workload level, and the corresponding value for
0, Was found through a regression procedure that minimized the

mean-squared difference between predicted and experimental pilot
ratings, normalized with respect to the variance of each experi-
mental rating. The value for % of the attention model was selected

to represent a moderate-to-stringent performance requirement, and
the value for Ao was found through a similar regression analysis.
Because of the lack of a tractable analytic expression relating
performance to workload, the parameters %% and A, of the minimum-
rating model were not found through a computerized regression
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analysis. Rather, pairs of integers were explored on a trial-and-
error basis to provide a good match to experimental pilot ratings.
The predicted (minimum) rating for a given configuration was
obtained by superimposing the predicted performance/workload
tradeoff curve (Figure 2) on the curve of constant rating, shown in
Figure 3.

Because of the difficulty in matching the predicted pilot ratings
of Configuration 8, ratings for this configuration were omitted
from all three regression analyses.

Figure 4 provides a graphical comparison of predicted versus
experimental pilot ratings for the three rating expressions.
Dashed lines indicate boundaries of + 1 rating unit. The three
rating schemes performed about equally well on the average and were
able to match 6 of the 8 experimental ratings to within one rating
unit. The configuration matched least well was Configuration 8,
which was omitted from the regression analyses.

Prediction errors may be compared against the variability of
the experimental data in Figure 5. Experimental ratings are
indicated by filled circles, with brackets to indicate +1 standard
deviation; open symbols indicate predictions obtained with the
three rating expressions.

Except for Configuration 8, predicted ratings are within one
standard deviation of the experimental mean. Even for the worst
case, the predictin error is well within two standard deviations
of the mean. Thus, the reliability of the predicted ratings is
commensurate with the reliability of the experimental data.

Discussion of Results

The generally good match between "predicted" and experimental
pilot opinion ratings suggests that the model-based approach
described in this report is basically valid. The technique is
shown to replicate experimental results reasonably well across a
set of conditions that spans a range of handling qualities levels
and problems. Because the procedure is based on a pilot/vehicle
model of considerable generality and demonstrated validity, this
scheme ought to be valid for other aircraft configurations and,
with appropriate definitions of performance requirements, other
flight tasks as well. Further study is required to compare the BBN
techniques against other model-based procedures and to further compare
the usefulness of the three rating expressions tested in this study.
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Resources did not permit a detailed study of the inability to
obtain a good match to the experimental rating for Configuration 8.
The differences between the average ratings for Configurations 8
and 21 (which our prediction scheme predicts to be negligible)
were apparently not due to training effects; these two configura-
tions were presented to the test pilots in a balanced order.

It should be noted that all tests of the proposed methodology
have been based on steady-state analysis appropriate to conditions
at a single altitude. Although steady-state-like tasks were
important determinants of pilot opinion, transient-response behavior
was also important. There may have been some aspects of glide-
slope capture and other transient maneuvers that were especially
adverse for Configuration 8. Additionally, it is possible that
a different choice of steady-state parameters (e.g., turbulence
appropriate to a lower altitude, different "limits" on throttle
response) may have differentiated between Configuration 8 and 21.

Data from the Douglas experiments were used in the BBN study
because of their applicability to large transports. Because the
experimental study was performed well before the BBN analytical
study, the Douglas effort was not designed to allow a thorough
test of the model-based prediction to scheme. Hindsight reveals
the following methodological deficiencies:

1. Sparcity of Performance Measurements. Pilot opinion ratings
were the only data published relating to closed-loop pilot/vehicle
performance. Objective performance measures such as rms errors,
pilot describing functions, spectra, or time histories are not
available. Thus, we cannot determine the pilot's "operating point"
in terms of pilot-related model parameters, and we cannot verify
the ability of the model to predict objective performance measures.

2. Large Rating Variability. Standard deviations for pilot
ratings, as determined across subjects, were relatively large,
reaching a maximum of 3.5. Clearly, large variability in the

data hinders a rigorous test of the prediction scheme. To some
extent, the large standard deviations resulted from a small subject
population (only 3 subjects provided ratings for four of the
configurations explored in the BBN study). As described below, a
more significant factor may have been an insufficiently specific
evaluation procedure.
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3. Insufficiently Specific Evaluation Procedure. Typically, each
pilot was allowed two "flights™ per configuration: an initial
flight without turbulence, and a follow-up flight with moderate
turbulence. The pilots were encouraged to perform maneuvers that
would aid in developing their rating, and they were asked for a
single overall rating of the configuration of the end of the two
flights. While all subjects appeared to consider the same basic
maneuvers and subtasks (glide-slope capture, glide-slope tracking,
recover from mistrim, open-loop vehicle response), we do not know
the extent to which each pilot weighted the various response categories.
Different weightings might have led to different ratings for the
same configuration -- a possible explanation for the large pilot-
to-pilot variability observed in this study. Differences in the
pilot's expectations of system performance are an additional
potential source of rating variability.

Consideration of these methodological shortcomings suggests
alternative approaches in future studies, as outlined below.

CONCLUSIONS AND RECOMMENDATIONS

A technique based on the optimal-control model for pilot/vehicle
systems has been developed for predicting pilot opinion ratings.
Three variations of this technique provide a good match to opinion
ratings obtained in a manned simulation study of large commercial
transports in landing approach.

The model-based technique developed in this study has a number
of features which should enhance its applicability to other aircraft
configurations and other flight tasks and should allow wider applica-
tion than alternative handling qualities prediction schemes:

1. One is able to proceed in a straightforward manner from a
description of the task environment and of task requirements to
a prediction of pilot opinion ratings. The general form of the
rating expression and of the underlying pilot model is invariant
across applications.

2. No constraints are placed on the nature of the vehicle response,
and the pilot model is relatively free form. Thus, "unconventional"
aircraft dynamics may be considered.
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3. A scalar metric for attentional workload is expressed in terms
of a model parameter related to the signal/noise properties of
the pilot's response. Thus, the treatment of workload is indepen-
dent of the details of the flight task.

4. The effects of display parameters, turbulence, and other
environmental factors on pilot opinion rating are readily considered.

Encouraging results obtained with the model-based technique
tested in this study warrant further research to provide a more
rigorous test of the procedure and to determine its range of
validity. Such a study should be subjected to the following
guidelines:

1. Flight Test Standardization. The flight tests performed for

the purpose of obtaining pilot opinion ratings should be standardized
so that all pilots perform the same maneuvers on the aircraft.

Either separate ratings should be obtained for individual maneuvers,
or care should be taken to assure that all pilots weight the

various maneuvers in the same manner when assigning an overall

rating to the aircraft.

2. Define Performance Criteria. Through a carefully prepared and
administered questionnaire, subjective performance criteria should
be determined for the various test maneuvers. If practical, test
pilots should be encouraged to adopt a common set of criteria to
minimize rating variability.

3. Performance Measurement. Objective measures of system

performance and pilot response pehavior should be obtained in
addition to pilot opinion ratings to provide a more rigorous

test of the method.
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APPROACH AND LANDING FLYING QUALITIES REQUIREMENTS

By

Robert C. Radford
and
Rogers E. Smith
Calspan Corporation
Flight Research Branch

Flight Sciences Department
Buffalo, New York 14225

The purpose of this presentation is to describe the results, to
date, of a study of flying qualities criteria for augmented aircraft in the
landing approach flight phase. This effort was sponsored by the NASA Dryden

Flight Research Center.

The scope of the study precluded the development of new criteria.
Instead, the approach taken was to select several existing criteria and apply
these to the data of the LAHOS experiment (AFFDL-TR-78-122). The criteria

selected and the source or reference documents for each are presented in the

first vu-graph.

The choice of criteria was motivated, in part, by the fact that
each criterion has been applied to the same data base (Neal-Smith, AFFDL-TR-
70-74) with generally good results. Furthermore these criteria represent a

good cross-section of methodologies (i.e. open versus closed loor and time

domain versus frequency domain criteria).
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REVIEW OF LAHOS EXPERIMENT

° Motivated largely by experience during NT-33 in-flight
simulation of YF-17 aircraft prior to first flight.

- discovered severe pitch PIO problems in the approach

and landing task; in particular close to the runway,

- these problems were not predicted by MIL SPEC,

sophisticated ground simulations, or a version of

the Neal-Smith criteria with a low assumed bandwidth.

Y Accordingly, the experiment variables selected for the
experiment were: short period frequency and damping ratio
and representative control system dynamics ranging from
simple first order lags to time delays (mechanized as a

fourth-order Butterworth filter).

° The task involved visual and instrument approaches and

typically actual touchdowns.

- pilot comments and ratings were obtained for the

overall task as well as the approach alone,

- selected configurations were evaluated without

touchdowns.
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COMPARISON OF PRIMARY LAHOS CONFIGURATIONS WITH -8785B

In addition to these configurations, the LAHOS experiment
included simulation of:

- YF-17 with original flight control system
(Config. 6-1),

- YF-17 with modified flight control system,
as flown on first flight (Config. 6-2),

- 3 statically unstable aircraft with time to
double amplitude ranging from 2 to 6 seconds.
(Config. 7-1, 7-2, 7-3).
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; RALPH SMITH CRITERION

o Discussion limited to mechanics of applying criterion within

the context of the cited reference documents (Vu-graph 1).

° Central to the application of the criterion is the calculation
of the criterion frequency which requires determination of
the average slope as shown. A simple average was used based
on the values at 2 and 6 rad/sec. (Recently published guidelines
use a different method involving a weighted average of slopes

over the intervsl).

o

. When applied to the original Neal-Smith data base, pilot rating
was a strong function of the phase angle of the pitch attitude

to stick force transfer function at the criterion frequency.

° Data on prediction of PIO rating is not presented because
in this experiment the normal acceleration at the pilot's
station was considered to bc too low to be a primary mechanisim
in a PIO.
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R. SMITH CRITERION APPLIED TO LAHOS DATA

In a previous correlation, all the Neal-Smith data fit

between the solid boundaries shown.

Criterion in its present form is not applicable.

Flags designate configurations which fail a supplementary

criterion on time to maximum pitch rate.

Conclusions

- does a good job on YF-17 configuration
(Config. 6-1, 6-2),

- there is a trend but scatter is high.

- a more careful study is required to find best
parameters for the LAHOS data base.
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APPLICATION OF NEAL-SMITH CRITERION TO LAHOS DATA

Although a pilot model block is used in the criterion it is
more appropriate to view this block as a "Pitch Attitude
Compensator'. The form of the pitch compensator is
representative of pilot models but is not necessarily an

accurate description of actual pilot behaviour.

With the original data base, the criterion was a good

"flying qualities yardstick".
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NEAL-SMITH CRITERION PARAMETERS

. Defines pitch attitude tracking performance parameters:
closed-loop bandwidth, droop, and maximum resonance

(Reference AFFDL-TR-70-74).
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F NEAL-SMITH PARAMETER PLANE

° Illustrates pilot rating boundaries in Neal-Smith

parameter plane and typical pilot comments.
Coordinates are maximum closed-loop resonance
and pilot compensation required (phase angle at

the bandwidth frequency).
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ITERATION OF CRITERION TO FIT LAHOS DATA

Application of criterion with low bandwidth as suggested in
Reference AFFDL-TR-72-41 doesn't work since landing task is
clearly a higher bandwidth task (YF-17 example).

Tried the same bandwidths derived in Neal-Smith report for
fighter tracking; correlation was better but significant
anomalies were present.

Decided to take a "fresh'" look at criterion parameters for
analysis of LAHOS data (varied bandwidth and pilot time
delay seek best correlation of data).

Centered our attention on good "benchmark" configurations:
Configs 2-1, Config 6-2 (YF-17).

- objective was to have these configurations in sensible
locations on criterion plane and simultaneously
provide discrimination of the remaining data

- used pilot ratings, comments, and tracking records
for guidance.
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EFFECT OF PILOT TIME DELAY AND BANDWIDTH

ON CLOSE LOOP RESONANCE

Pilot comments, ratings and tracking data indicated that

Config 2-1 exhibited well damped closed loop performance.

Could not achieve reasonable closed loop resonance through

bandwidth variations with pilot time delay of 0.3.

Reducing assumed pilot time delay to 0.2 produced reasonable

closed loop resonance for 2-1 and other "benchmark"

configuration (6-2).
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SUMMARY OF LAHOS DATA IN NEAL-SMITH PARAMETER PLANE

Plot summarizes data for bandwidth of 3.0 rad/sec and

pilot time delay of 0.2 sec.

Grouping of data by pilot rating is comparable to original

Neal-Smith analysis.

Configurations with negative resonance are a consequence

of forcing the '"droop" requirement.

The 3~ series configurations (low short period damping)
are not included; the baseline configurations (3-0 and 3-1)
cannot be correlated using these revised criterion

constraints. Analysis of these configurations is not yet

complete.
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.

ILLUSTRATION OF EFFECT OF DROOP REQUIREMENT

ON CONFIGURATIONS WITH LOW RESONANCE

This change was incorporated to correlation and to make

the compensation required to meet the desired bandwidth

more realistic.
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FINAL CORRELATION OF LAHOS DATA

° Configurations 3-and 7-not included. Only Config 3-0

A i,

and 3-1 present a problem.

[ "3%" boundary the same as original Neal-Smith; '6%"

boundary slightly modified.

° Correlation is good except for anomalies in the dashed box.
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DISCUSSION OF ANOMALIES

Configuration 1-A anomalous because Safety Pilot thought
rating was extreme based on performance. Not therefore

considered a failure of the criterion.

Serious violations are represented by Configs. 4-3, 4-11
and 5-5 which were rated Level 3 and fall in the Level 2

region.

These three configurations show marked degradation in
flying qualities near the ground as indicated by generally
Level 1 ratings for the approach and Level 3 when the

landing is included.

Clearly, the closed-loop performance deteriorates rapidly

as the pilot '"tightens'" control for the landing.

Can the criterion account for these configurations which

are apparently very sensitive to changes in the task?
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EFFECT OF BANDWIDTH VARIATIONS ON A

"*GOOD'" CONFIGURATION (CONFIG 2-1)

For a given droop, increase in bandwidth (i.e., increase
in "tightness of control') can be achieved with little

change in closed-loop resonance by small increases in

pilot lead compensation.
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EFFECT OF BANDWIDTH VARIATIONS ON AN

4
i
E
b ANOMALOUS CONFIGURATION (CONFIG. 5-5)
{

° For a given droop, increase in bandwidth can only be
achieved with large increases in lead compensation

and closed-loop resonance increases dramatically.

f ) For a reasonable limit or droop (say - 3dB), which
ensures adequate low frequency closed-loop performance,
the pilot cannot achieve the higher bandwidths required

for the landing task without suffering the undesirable

dramatic increase in closed-loop resonance.
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SUMMARY OF CLOSED-LOOP CONFIGURATION SENSITIVITIES

Good configurations exhibit essentially constant closed-
loop performance for a relatively wide range of bandwidths
(variations in standard of performance due to task or

individual pilot factors).

Bad configurations exhibit large changes in closed-loop
performance for small changes in bandwidth (have "flying

qualities cliffs"),

Criterion needs another dimension to handle "sensitive"
configurations; possible "adaptability'' metrics are

listed.
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(i) MAX

9
(E) MAX

“GOOD"” CONFIGURATION

_>w8

“POOR’* CONFIGURATION

“DROOP* = -3 dB

POSSIBLE “ADAPTABILITY” CRITERIA

dTL
1 dw—a ‘G/GC,MAX = CONST

d19/8max
daT,

2. w = CONST

d10/8 dymax

dwg




NEAL-SMITH LAHOS SUMMARY

l
l
}
LanpinG CriTICAL TASK !
[

LANDING 15 HicH BANDWIDTH TASK
(FL1GHT PHASE CATEGORY A?)

NeaL-SMITH GooD DISCRIMINATOR
(ExceptioN: BARE AIRFRAME, Low SHORT
PEr1OD DAMPING)

PossiBLE MODIFICATIONS

- ReLaxep DrRoOP REQUIREMENT

- ADAPTABILITY

Repucep PiLoT DeLay




APPLICATION OF ONSTOTT'S TIME HISTORY

CRITERION TO LAHOS DATA

] Parameters of pilot model are adjusted in the acquisition and

tracking phases to maximize time on target.

[ Provided good correlation with original Neal-Smith data base.
. Appealing because aircraft with nonlinearities can be accommodated
exactly.
i
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LAHOS DATA CORRELATION

° Boundaries are a function of performance measures only:

time on target and RMS tracking error.

. Boundaries are based on plotted data and previous

correlations with original Neal-Smith data.

[ Group of anamolous ratings in Level 1 region corresponding

to high times on target, e.g.: 4-0, 4-3, 1-1, 1-5, 1-6.

. Overall the correlation is reasonable but in selected cases
the closed-loop time histories do not match the pilot
commentary or tracking task results, These points are

discussed in the next vu-graphs.
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RMS ERROR

[0 3-3 Xags

G1-4
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5-3
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0.40 — A 2-2
3-C OA 5-1
A4-4
0.35 — 1-1A
O 2-] A 4-3
A 1-6
© 2 1-5
0.30 — 4-1 QO4-C &I-o
0.25
I I I I |
0 1.0 2.0 3.0 4.0 5.0

TIME ON TARGET - seconds

LAHOS DATA vs TIME HISTORY CRITERION
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COMPARISON OF PREDICTED CLOSED-LOOP

RESONANCES FOR ONSTOTT AND NEAL~SMITH CRITERIA

Configuration 5D from original Neal-Smith data base is

used for the comparison.

Pilot rating and comments indicate a PIO-prone aircraft.

Both criteria exhibit appropriate closed-loop responses.

Basic aircraft low damping ratio was a factor in the PIO.
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ANOTHER COMPARISON OF A

PIO-PRONE CONFIGURATION

Configuration 6F from original Neal-Smith data base is

used.

Neal-Smith predicts the correct time response for this

PIO-prone configuration.

Onstott's does not; predicts dead beat closed-loop

response.

Examination of Onstott computer program revealed an
error which effectively removed the effect of pilot

lead in the closed-loop transfer function.
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EFFECT OF CORRECTING ERROR

Configuration 6F (not E as shown) is again used.

Now the initial response is correctly oscillatory but

integral term in tracking phase pilot model quickly

damps the final response.

Data must be recomputed; for certain configurations the

effect of correcting the error can be significant. For

example, Configuration 4-3 moves to the Level 2 boundary
adjacent to Configuration 2-3 (see vu-graph 20).

Should consider removal of integral term from tracking

phase pilot model for improved correlation with observed
pilot closed-loop performance.

e
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TIME HISTORY CRITERION SUMMARY

In its present form, the criterion does separate the data
to a degree but the lack of correlation with observed
task performance for certain types of control systems
mechanizations reduces its credibility and therefore

usefulness.

If corrected the calculated closed-loop time responses
look similar to Neal-Smith results; potential of a time
domain criterion is very attractive but implementation of

criterion must be reviewed.

Absence of a2 workload measure in correlation parameters

may be a weakness.

Disadvantage compared to Neal-Smith or Ralph Smith
criterion is that calculation for single configuration
required 5 to 10 minutes on Calspan IBM 360 with Level H

compiler. Efficiency required improvement.




TIME HISTORY CRITERION SUMMARY

3) Has PoTenTIAL As CRITERION

0 CLosep Loop Looks SiMiLAR To NEAL-SMITH

4] Basep OnLy ON CLoseD LooP PERFORMANCE -
No WorkLOAD MEASURE

0 CALCULATION UNWIELDY - REQUIRES IMPROVEMENT
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CONCLUSIONS AND RECOMMENDATIONS

° All criteria surveyed have potential but require further
development,

° Landing approach, if carried to touchdown is high bandwidth
task.

° Because these correlation techniques are empirical,

confidence and acceptance will be achieved only through

successful application to the widest possible data base.

® Should continue generation of data and correlation with

criteria.

L. P T




CONCLUSIONS, RECOMMENDATIONS

0 Neep CriTERIA Now !

0 CLosep Loop TiMme DOMAIN AND FREQUENCY
DoMAIN CRITERIA HAVE POTENTIAL

i ® In LANDING APPROACH, LAsT SO Feer

CrRiTicAL. HieH BanpwiDTH TAsk.

4] AccePTANCE OF CRITERIA REQUIRES
VALIDATION. CONTINUE CORRELATIONS

WiTH ExPERIMENTAL DATA.




COMPARISON OF TWO FLYING
QUALITIES DESIGN CRITERIA FOR
ADVANCED FLIGHT CONTROL SYSTEMS

J. Hodgkinson
ABSTRACT

The Neal-Smith pilot-in-the-loop criterion was compared
with the equivalent systems approach. A Neal-Smith bandwidth
frequency was first established for augmented longitudinal

dynamics in the landing approach. Then parameters from the two
methods were compared.

The Neal-Smith method, though more complex, produced less
information than the equivalent system parameters provide, and
its answers were sensitive to choice of bandwidth frequency,
for which reliable rules are not yet established.

Specific items for future work on the Neal-Smith criterion
are suggested.




NOMENCLATURE
Stick Force
Gravitational constant, ft/sec2
Dimensional lift curve slope parameter, /sec

Normal acceleration per angle of attack (Ref.
MIL-F-8785B

Laplace parameter
Actual numerator root in short period pitch rate
transfer function (l/Te = La)
2
True speed, ft/sec

Pitch rate

Magnitude of resonant peak in the 8/6c Bode amplitude
plot (dB).

Equivalent longitudinal short period damping ratio

Equivalent longitudinal short period frequency,
radians/sec

Equivalent time delay, seconds

Phase angle of the pilot compensation of the
bandwidth frequency, degrees




INTRODUCTION

THE NEAL-SMITH CRITERION - The Neal-Smith criterion is an analyti-
cal procedure to explain the flying qualities of fighter aircraft
with augmented short period pitch dynamics. Developed by Neal
and Smith (Reference 1), it is based on fundamental studies of
manual control by Systems Technology Incorporated (STI) (for
example, Reference 2). The pilot is assumed to have a fixed
delay, and variable gain, and lead/lag time constants (Figure 1).
These are varied so that the closed loop dynamics exhibit a

low frequency droop of 3 dB and the bandwidth frequency defined
in Figure 2. The pilot lead or lag phase angle at the bandwidth
frequency is then plotted against the closed loop resonance and
compared with the boundaries of Figure 3. The physical inter-~
pretation of the regions of the Neal-Smith plane is indicated in
Figure 4.

Figure 3 also shows a modified upper boundary proposed by
Rickard (Reference 3). The modification was proposed because
Neal and Smith's original calculations were performed by hand
(Reference 1). Subsequently, Mayhew wrote a computer program
which calculated the needed parameters (Reference 4). Later,
Rickard improved the efficiency of Mayhew's program and used it
to re-calculate the parameters of the entire data set of Reference
1. This resulted in somewhat different closed loop resonances,
and hence boundaries. Rickard's version of the computer program
was used for this present study.

f Evidently, the judgments and assumptions which have been
arbitrarily set in the program affect the answers. For example,
the choice of 3dB is arbitrary, as is the pilot delay of 0.3 sec.
! The first order lead-lag pilot form is not necessarily appro-

' priate for some aircraft dynamics. Generally, and in most of the

' work described here, these parameters are fixed. However, band-
; width frequency must be chosen to match the pilot's task.

i Bandwidths of 3.0 and 3.5 rad/sec were used by Neal and Smith

i for up-and-away tasks in Reference 1. A value of 1.2 rad/sec
was recommended for landing approach in Reference 5, and was
also used by Rickard in Reference 3.

THE EQUIVALENT SYSTEMS APPROACH - An equivalent system is a low
order mathematical model which matches the high order model
response. Equivalent parameters have been widely used for com-
parison and correlation of the flying qualities of high order 1
dynamics of CTOL and V/STOL aircraft. Where applicable, the
equivalent parameters are compared with suitably modified modal
requirements, such as those in MIL-F-8785B(ASG), giving reasonable
prediction of flying qualities, as discussed by A'Harrah et al.

! in Reference 6.

For the present study, the equivalents were obtained using a
computer program to match the high order frequency response in
the range .1 to 10 radians/sec, using the equation
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o _
F. (1)

where K, 14, and w_ were the search variables. 1/T92 was re-
tained at the grue vafue appropriate for the airframe (approximately
La) for simplification.

Example matches of varying quality appear in Figure 5.
Although these are arbitrarily referred to as good, fair and poor,
experimental data from a recent NT-33 program (Reference 7) indi-
cate that these mismatches are negligible to pilots. The equiva-
lent parameters are therefore used herein without regard to
quality of match.

OBJECTIVES - The first objective was to find the bandwidth fre-
quency 1n the Neal-Smith method which would produce the best
correlation with a new set of landing approach high order system
(LAHOS) data, Reference 8. Like Neal and Smith's up-and-away
experiment, LAHOS evaluated a variety of short period longitudinal
dynamics, with lead and lag elements added to produce various
types of high order effects.

The second objective was to compare the Neal-Smith method
with the equivalent system method.

It is stressed that this report refers only to short period
pitch dynamics, the only problem for which the Neal-Smith criterion
has been developed. The wider applications of equivalent systems
to other axes and modes are not examined.

DETERMINATION OF BANDWIDTH FREQUENCY FOR LANDING APPROACH (LAHOS)
DATA - Figure 6 indicates typical variations of the closed loop
resonances and pilot compensation as bandwidth is changed. As
bandwidth is increased, more lead compensaticn is required, and
ultimately closed loop resonance increases. Changing bandwidths
from 1.5 rad/sec to 4.0 rad/sec can change the predicted level
of flying qualities from Level 1 to Level 3.

Chalk, et al. in Reference 5 suggested that a bandwidth of
1.2 rad/sec might be appropriate for the landing approach, based
on an extrapolation of Neal and Smith's original results. It
is evident from Figures 6 and 7 that this bandwidth, with force
commands and a pilot delay of 0.3 seconds, is not high enough.
Figure 8, obtained following some trial and error, shows that
2.5 rad/second is more appropriate. The original boundaries
exhibit somewhat better correlation than the corrected (Rickard's)
version.
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Even with this optimum bandwidth of 2.5 rad/sec, Figure 8
shows poor correlation for a group of configurations at the top
of the plot. 1In fact, it was necessary to ignore the feel
system and actuator lags in order to obtain these results
from the computer program. Including these high frequency lags
caused error messages with no output parameters.

It is possible that a different bandwidth would produce
better correlation for these configurations. This implies that
bandwidth should be a function of aircraft parameters, because
all these points have low equivalent short period damping. How-
ever, the criterion has no provision for this at present. These
configurations were not included in the further discussions here.

There is also a region in the plane in which Level 3 and
Level 1 points are closely adjacent. This is around 40 to 60°
lead compensation at small resonances. The Level 3 points in
this region can be better correlated with modified boundaries,
as indicated in the figure. These modified boundaries reflect
not only the rating data (the downturn in the boundary with lead
compensation increase) but also the artificial constraint of
90° pilot lead compensation (the upturn in the boundary as lead
compensation approaches 90°).

Figure 9 plots the parameters 1/T¢;, Ve and n/a against
the various bandwidth frequencies which havé been used for corre-
lating NT-33 data. It is not known, however, which of these
parameters (if any) would underlie an actual pilot's choice of
bandwidth in a given flying qualities task.

COMPARISON WITH EQUIVALENT SYSTEMS - The LAHOS experimental
design allows examination of Neal~-Smith parameters for groups of
configurations with the same 7, and w,, and various tg. These
are summarized in Figure 10, wﬁich is the starting point for the
more detailed comparisons which follow.

Equivalent Short Period Frequency and Pilot Lead Compensation -
In this comparison, the equivalent freguencies were obtained with
1/Ty, fixed at the basic aircraft value in the matching process. ]

It would be expected that an inverse relationship exists be-
tween frequency and lead compensation. For example, a low
frequency would require a large lead compensation, and Figure 10
confirms this.

Figure 11 compares equivalent frequency and pilot lead com-

pensation for all the LAHOS data. By far most of the pilot
compensation is explained by the simple expression

4pC = 114.2 - 33.8 wg (2)

Figure 12 shows the Neal-Smith data,obtained using different
bandwidths. The frequency and compensation values are similar




NOILIGNOD LHDIT4 30 SUNSVIN
334HL 40 NOILONNA V SV AONIND3HI HLQIMONYSE DNILY13HHO0D 1838

6 3HNOId
00906249 938/QVH - ADNIND3IYS HLAIMANVE
ov St 0t 5Z a.uo
6
0z avy/
ov ofu
.W\ 09

l\m 0  o3s/1d
oot

A

008
0

-

23S

Con

m N

| 3oua1a3a1 ‘Aeme-pue-dN :joquiAs uadD
§ adualayal ‘yoeoadde 6uipuen :joqwaAs pljog

ki iiesstns..,

140

b




SIIHVYANNOY HLINS-TVIN HLIM
SW3ILSAS LINIFTVAINDI SOHVT 40 NOSIHVINOD

0L 3HNOI4
0100808240 930 - *%%‘NOILYSN34WOD 101d
00l 08 09 oy oz ’ T T
‘ v
L 13A37
L0°0Y
ﬁ [4]
sL0g 0z
O za1 —y 8
[WELE]
o 1 XYW P40
Buney 101y ‘JONVYNOSIY
LYY e
JO jaA97) NIy 4001
8 -J3s010
S oo g SIS S S
[2°T62°0) ﬁ 81 16°€'5°0) @
910 * «
610 #1L0
€ 13A37
_ ] oL
3 35 awes

Yim suoitesnByuod wiof ssulj uaxoiqun

295 p7'0 = Aejap 1waRAINDT
g=buney pzZ0esg
£z="m'90=° (eT90l
‘opdwex3 uoNRION

et e TS Tt




eleg SOHV
AODN3ND3H4 GOIH3d LHOHS
IN3TVAIND3I 8A NOILYSNIdNOD 107id 4O NOSIHYdWOO

4 3HNOIS
rHomoside 93s/av -°™ ‘AONIND3IY4 A0I¥Id LHOHS LNITYAIND3
oy 0e 0z 0L 0
- = or-
°N|
UOO o 1U31D15800 UONE[31I0D) = J))

N e _.

o oz 93a
2,
o o ‘NOILVSNIJWOD
ov 10744
O
60 = 29 .

() g'gE ~ ZpLl = %%

09
(o)

08

ooL




- e e ot e v " " L) g " e S o

ejeqg yyuwsg-jeaN _
AONIND3IU4 AOIHId LHOHS LNIFTVAIND3I SA NOILVSNIJWOO LOTId v

21 3UN9I4
11-0990:62dD
335/Qvyd - ADMINDIYL OIHId LHOHS INITVAINDI
6 8 I 9 S 4 € 4 l 0
8'
1
1U31214J300 UOIRJaII0D = D))
'suoissaibai |enpialpul — Op—
Q Ui papnjouf Jou sjuiod eyep paf|i4
ﬁ & 1w04d ayy vo
l pajou aie M8 asayl 03 suoiidaoxa om) — 02—
s °c -
o) o /%88 =30
ﬂ —@- / % 162 - LoL = %% 0
H £l / % L 930 M....
a —-
To
oL (174 uﬂﬂ
%L8 = 2D \Vp % ‘NOILYSNIdWOD
% 171 — oL = 2% /m o o o 1074
ﬂu o
ol S o
/
i lfl 0
- ge=M8mpz %8, O 3 O o8
0g=M8m yz1 =01/ O y
1 i 1 1 0oL
um_m\oﬁ_l\ /Iouw\eqz
€€= Mie LT = MEm




for the three different bandwidths near the (ug = 0, 4 P = +90°)
point, because extremely slow dynamics requlre maximum lead com-
pensation to attain any closed loop bandwidth. The Neal-Smith
and LAHOS data radiate linearly from this point, with different
slopes for different bandwidths and little scatter.

The slopes are an inverse function of the airframe parameter
l/Tez, and the expression

éiPC = 95-21 Tez we (3)

produced a correlation coefficient of 85% for the LAHOS and
Neal-Smith data combined. An expression which used the MIL-F-8785B
parameter wg/n/a,

AP, = 61-25 u’/n/a (4)

produced a correlation coefficient of 73%.

Equivalent Short Period Damping Ratio, Time Delay, and Closed
Loop Resonance - Figure 10 indicates an inverse relationship be-
tween closed loop resonance and eguivalent damping for the LAHOS
data. Poorly damped configurations produce large values of reson-
ance, as would be anticipated. It is clear from Figure 10 and
from Figure 13 and 14, however, that damping is not the sole in-
fluence; equivalent delay is partly responsible.

A simple expression accounting for 80.5% of the variation
in closed loop resonance for the LAHOS and Neal-Smith data combined,
was obtained using stepwise multiple linear regression;

>
W

(5)

= - 6.3 + 45.01, +
c e

i

The regression indicated that resonance was more strongly corréelated
with delay than with the inverse of damping.

STI has proposed a high gain asymptote parameter which re-
lates closed loop tracking instabilities to the difference between
1/Tey and 2w The ratio of these parameters was found to be
highly correla%ed with pilot rating in References 9 and 10.

Adding this ratio to the prediction of closed~loop resonance
produced a correlation coefficient of 85%, using the following
equation:

(1/T92) 3
I-——I =-7.6+9'2—2_E—:J—+41.1 Te+

Cmax e e e

In this regression, the high gain asymptote parameter showed the
most correlation with resonance.

F =S

(6)

(al
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SUMMARY AND CONCLUSIONS

Both the Neal-Smith criterion and the longitudinal short
period equivalent systems produce results which are physically
consistent with closed-loop and open-loop viewpoints, respectively.
A primary accomplishment of the Neal-Smith approach is that it
predicts the unfavorable effects of high~frequency lags (eguivalent
delays). Work with equivalent systems has shown this is a pre-
requisite for criteria aimed at highly augmented dynamics.

However, the Neal-Smith technique has some areas in need of §
further work before it becomes a reliable design criterion:

(1) Establishment of rules for bandwidth choice for new
tasks, dynamic axes, aircraft types, flight conditions,
etc. For example, the criterion has been used with three
different bandwidths (3.0, 3.5, 2.5) and three sets of
boundaries {(the original Neal-Smith, Rickard's, and
the modified boundaries proposed in this present
study) to explain variations in longitudinal short
period attitude dynamics of the NT-33 aircraft.

(2) Re-examination of the region around Zch = 60°, where
widely differing configurations exhibit little change
in the Neal-Smith parameters.

(3) Modification of both the criterion and the computer
program to account for configurations with low equiva-
lent damping values.

T,

(4) Extension to phugoid and flight path dynamics for longi-
tudinal landing problems in addition to those encountered
in the LAHOS experiment.

(5) Thorough documentation of a suitable computer program. !

It is recognized that more simulation data are needed to address 3
some of these items.

The Neal-Smith technique reduces longitudinal short-period
flying qualities dynamics to a two-dimensional problem rather than
the four-dimensional problem resulting from equivalent systems.
Although this can be advantageous for visibility, the designer
actually works with the four dimensions of g, we, 1/Tg,, and 1e.
As is arqued in Reference 11, each of these parameters 1s related
to familiar airframe and flight control design parameters. The
designer is not guided by the closed-loop resonance parameter 1
into deciding between, for example, changing pitch rate feedback
gain or the digital computation interval. Equivalent damping and
time delay values are needed to provide this guidance. Therefore,
the Neal-Smith technique complicates the design process, as com-
pared with a more direct equivalent systems approach.

AR Y i Nk |
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A closed-loop approach is usually adopted because of flying
qualities phenomena which cannot be explained based on open-loop
dynamics alone. However, based on the comparisons shown in
this paper, the Neal-Smith technique offers no information beyond
equivalent system parameters. The qualitative interpretations
of the Neal-Smith plane (Figure 4) are typical of comments due
to corresponding equivalent parameters in the simple equations
(2)-(6) shown above.

In spite of the above remarks, the Neal-Smith approach should
not be abandoned in favor of the equivalent systems approach.

In the context of high-speed computers which calculate fly-
ing qualities parameters with considerable rapidity, it is unpro-
ductive to search out the single appropriate flying gqualities
design criterion. All worthwhile analytical and experimental
techniques should be used. Prudent design demands this approach,
and also demands that skilled engineers assign weighting factors
or confidence levels to various criteria based on experience with
the criteria and on their stage of development. It is hoped that
this present study will aid in assigning these weights, as well
as in suggesting areas for future study.
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QUESTIONS/ANSWERS

R. C. RADFORD: Calspan Corporation

- I disagree with your second conclusion that the equivalent

systems criterion is superior to other techniques such as
Neal-Smith. Your assumption that parameters such as equiva-
lent short period frequency and damping aid the designer is
difficult to understand. For instance, taking your example

of a longitudinal flight control system which is 54th order,
how would the knowledge that the equivalent short period
frequency is too low tell the designer what to change, pre-
filter or feedback gains or shaping networks, any more readily
than Neal-Smith. Would you comment please.

The designer starts with a basic airplane which posseses certain
flying qualities deficiencies ~ for example, low frequency.

In this case, he designs a flight control system which produces
higher equivalent frequency. He therefore knows by definition
which features affect equivalent frequency. The development
process might subsequently lead to a complex system, however

the designer can never lose sight of the basic closed- and
open-loop interrelationships. A designer who cannot make a
decision between prefilter or feedback gains or shaping networks
merely because his system is 54th order, has lost sight of nis
system and is no longer its designer.

This might be an appropriate place to acknowledge that a 54th
order system (mentioned in the verbal presentation as an example
of an existing system's complexity) requires more careful check-
ing than a 4th order system, and that the USAF/Calspan NT-33

has become an invaluable development tool for this purpose. We
are also very interested in the NT-33 simulation of various
flight control systems in AFFDL-TR-74-9, which when taken to-
gether with STI's cautions on 'complexity traps' (NASA CR-2500)
and our own work on equivalent delays at MCAIR, suggests that
54th order systems should be avoided if possible.

C. R. CHALK: Catspan Corporation

- Have you looked at configurations with unstable real roots?

You may have to look at a lower frequency range to cover this
problem, i.e., the equivalent system mismatch lower frequency
should be less than .1 radians/second. Also, what was the
purpose of the regression equations? Were they intended to be
new flying qualities criteria?

We have not examined unstable real roots, because these are
usually due to augmentation failures which result in low order
systems. We routinely lower the match frequency an additional
decade or so to establish equivalent phugoid or spiral roots,
however. 'The appropriate order of equivalent should then be
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chosen (eg 2nd/4th). An AIAA paper (AIAA Atmospheric Flight
Mechanics Conference, Hollywood, Florida, 8-10 August 1Y77)
describes our approach to phugoid determination. (See also
MCAIR paper 77-016).

The regression equations were not intended as new flying ?
qualities criteria. They are intended to show that the Neal- '
Smith parameters are restatements of old flying qualities ‘
criteria. MIL-F~-8785 is a more general and better substantiated
way of using equivalent system parameters at present.

R. J. Woodcock: AFFDL 3

- Matching responses down to .01 rad/sec to define equivalent
system parameters would seem to involve the phugoid mode as
well as the short period.

- As mentioned above, we have determined equivalent phugoid
dynamics by increasing the system order and expanding the
frequency range. Interpretation of existing phugoid (or
spiral) requirements using equivalent phugoids would be pre-
ferable to a 'dominant root' approach.

kb
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Comparison of the LAHOS Data with the
Mayhew Equivalent System Boundaries

David J. Moorhouse
AF Flight Dynamics Laboratory

INTRODUCTION

MIL-F-8785B, '""Military Specification - Flying Qualities of Piloted
Airplanes”, contains requirements for short-term pitch control. These
requirements take the form of maximum and minimum values of short-period
frequency (as functions of normal acceleration per unit angle of attack, ny),
plus maximum and minimum values of short-period damping ratio, assuming a
classical short-period mode is present. A discussion as to whether the
numerator time constant, 1/T62, or ny is the correct parameter is acknowledged
(see Reference 1), but will not be pursued here. The criteria in the
specification are thus open-loop response parameters, although the data
correlation was based on considerations of pilot control requirements. A
criterion incorporating more direct pilot-in-the-loop considerations was
proposed by Neal and Smith(z). Their final result was in the form of boundaries
on a plot of closed-loop resonance vs required pilot lead/lag compensation, on
the assumption that the pilot opinion of flying qualities (for pitch maneuvering
task) is a function only of closed-loop amplitude and phase characteristics.

In Reference 3, Mayhew extolled the benefits of transforming the Neal-
Smith boundaries into the frequency domain in a form similar to MIL-F-8785B.
A problem with the requirements in MIL-F-8785B, however, is that current
advanced flight control systems often produce airplane dynamics without an

identifiable short-period mode. This problem is overcome by using the
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parameters of an equivalent system representation:
-AS
6 _ke £ (Tps+ 1)
F -

s
L\)EZ

+ 265 4
O

Note that this includes an equivalent time delay, A_, which is not a parameter

E
in the requirements of MIL-F-8785B. The data base included lags and time delays
which are assumed to be small enough to not affect the results. The time

delay is necessary, in general, to match the dynamics of actual systems.

(4) with the

The objective of this paper is to compare the LAHOS data
criteria proposed in Reference 3 for revising the short-period requirements
in MIL-F-8785B. The original proposals are no longer being considered for the
draft MIL-F-8785C; this paper presents the reasons. Additionally, this paper
should complement other papers at this symposium by addressing proposed

criteria not considered by others.

THE MAYHEW CRITERION

The criteria derived by Mayhew, shown in Figure 1, are maximum and
minimum values of equivalent frequency, wg, as functions of equivalent damping
ratio, CE’ equivalent time delay, AE’ and equivalent numerator time constant,
1/TE‘ These boundaries were obtained by matching frequency responses of the
equivalent transfer function above with the Neal-Smith tracking performance
standards of Figure 2. 1In principal, the four parameters are all interrelated
and may be traded off in terms of acceptable tracking performance and pilot
rating.

The experimental data in Reference 2 are oriented towards Class IV (fighter)
configurations in Category A Flight Phases. It is interesting to inspect the
trends of these results first. The expression for the maximum frequency has a

singularity when




TS Y P

which can be called a critical value. In this region, the maximum frequency
tends to zero for AE slightly less than the critical value while for AE
slightly greater than the critical value the maximum frequency approaches
infinity. A more reasonable result would be for the maximum acceptable
frequency to increase with both damping ratio and time delay. A more practical
aspect of this singularity is that the requirement is essentially undefined
when the maximum allowable frequency is near zero. By contrast, the

variation of the minimum frequency with time delay is not unreasonable for

time delays less than a critical value of 0.286 seconds, when the 'minimum'’
frequency goes to infinity. This is compared with a value of 0.25 seconds

(5)

more recently suggested by Hodgkinson to retain Level 3 flying qualities.

At the risk of trying to milk a dead cow, it may be interesting to look at
the form of the Category A, Class IV requirement in more detail. If we consider
TE to be constant, and the true value is approximately constant for the LAHOS
data, then the frequency limits become tradeoffs of equivalent damping ratio
vs equivalent time delay. For a given value of equivalent damping ratio, as
time delay increases from zero the maximum and minimum values of frequency
converge to a simple point which can be interpreted as the maximum time delay
for Level 1 characteristics, with further increases in time delay being
meaningless. This maximum allowable time delay is shown in Figure 3 as a function
of equivalent damping ratio. Note that there is no solution for Level 1 flying
qualities for damping ratios less than approximately 0.65. It is an interesting
coincidence that mo configuration with less than this value received a Level 1
pilot rating in Reference 2, even though the requirements in MIL~-F-8785B is a

minimum damping ratio of 0.35. If the criteria in Figure 1 were correct, then
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Figure 3 shows that the allowable time delay would increase with increasing
damping ratio far beyond the value of 0.1 seconds currently proposed as the
limit. Also shown on the curve is the corresponding equivalent short-period
frequency that goes with the limit time delay. These considerations are
interesting but academic in light of the correlation results shown in the
next section.

Data Comparison

(6)

The equivalent system parameters determined by John Hodgkinson were
compared with both Category C and A requirements from Figure 1. The equivalent
system parameters are repeated here for reference as Table 1. Table 2 presents
a summary of the results using TE fixed at a value given by the airplane Lu'

The following points are apparent:

(i) The six Level 1 configurations are correctly identified by the Cat. C
criteria.

(i1) Of the remaining 40 configurations, only 10 are correctly identified
as being worse than Level 1 by the Cat. C criteria.

(iii) One half of the total number of configurations are passed as Level 1
by the Cat. C criteria, while the pilot ratings are worse than Level 1.

(iv) The Category A requirements would predict five of the Level 1
configurations to be worse than the actual rating.

(v) The Cat. A requirements are undefined for the majority of configuratiomns
worse than Level 1 which would be assessed as Level 1 by the Cat. C requirements,

The Category C criteria thus appear to predict the Level 1 configurations
far better than the Category criteria. This contradicts the suggestion by
Smith (4) that the landing task may need to be considered a Category A Flight

Phase. This suggestion is supported by the analysis of the LAHOS data by
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(6)

Hodgkinson . Now, we may consider the undefined parts of the Category A
criteria to be indicative of "worse than Level 1" characteristics. With that
interpretation the Category A criteria do predict those cases reasonably well.
In total, however, neither the Category A nor the Category C criteria can be
judged acceptable.

For some configurations, another formulation is required in order to
achieve a better match of the equivalent and the actual frequency responses.
In this case TE is considered a free parameter (of the transient response)
unrelated to the steady-state value of airplane La’ termed the La - free cases.
A summary of the comparison of these equivalent system parameters with the
Mayhew criteria is presented in Table 3. As can be seen, the results for the
Category C criteria are virtually unaffected by freeing La' The Category A
results, if anything, are made worse. 1In comparison with the criteria under
consideration here, there is no apparent benefit from freeing TE to achieve a

better equivalent system match.

Conclusions

In principal, there is a certain aesthetic benefit from combining all the
parameters affecting a particular response into one requirement, provided it is
in a useful form. Mayhew attempted to formulate a requirement for short-term
pitch control that combined the numerator and denominator terms of the
equivalent transfer function of pitch attitude to stick force input. In the
LAHOS experiment the pilot adjusted the feel system first of all so that, in
general, it should not be a significant factor in the pilot ratings. For the
application discussed herein, therefore, the Mayhew criteria should be the only
discriminant necessary to correlate the ratings. It is judged that the results

do not support the use of these criteria in the flying qualities specification,
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at this time. One of the advantages claimed for the proposed criteria was the

possibility of empirically modifying the requirements as more data was acquired.

In practice, adjusting four-dimensional boundaries has not proved to be a simple

task.

The proposed MIL-F-8785C, which is currently being drafted, revised the

short-period requirements by specifically calling out equivalent short-period

frequency and equivalent short-period damping ratio. The numerical requirements f
are the same as in MIL-F-8785B. In addition to this change, limits on allowable
equivalent time delay are also specified (in paragraph 3.5.3). Thus, this !

revision maintains the existing data base which probably included finite (but

unknown) lags or effective time delays. The boundaries in MIL-F-8785B are,
therefore, assumed to be valid if the lag or time delay does not become too
large. Limits on the equivalent time delay have now been specified. Finally,
no method is specified for generating the equivalent system - the specification
will require only that the method be approved by the procuring activity. {
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Implications of Time Response Matching to Equivalent
Systems and the Neal-Smith Criterion

by

J. M. Stifel
Naval Air Development Center
Warminster, Pennsylvania

Abstract

A method of obtaining equivalent systems based on matching time histories
of different order systems when subjected to damped sinusoidal inpr<s is presented.
The reason for considering such inputs is related to the approximation of arbitrary
aperiodic inputs. The region in the Laplace domain within which human pilots are
capable of operating is related to the similar frequency range currently in use in
frequency domain techniques. Examples of the solution technique are presented.
The results appear to have significant implications regarding the similarity and
validity of frequency response matching and the Neal-Smith Criterion.

Introduction

The concept of an equivalent system is based upon the close similiaritv
in the output of two linear systems of different order when subjected to
identical inputs. The ultimate test of equivalency, from a flying qualities
standpoint, is the ability to evoke identical pilot ratings. Current methods
of determining equivalent systems assume that maintaining a close similarity
of frequency response implies a close similarity in time response. Since
the technique has met with significant success in predicting pilot ratings
the assumption must have merit. Consider however that the frequency response
represents only part of the total time response (the forced response) and
the response to only a special class of the general input

ot
x(t) = Ae sin (wt+P)

for which 0 = 0. The link between frequency response matching and the general
similarity of time response to all such inputs is not immediately clear.

This is an issue which bears directly on basic equivalance and on the
validity of currently suggested methods, and is the subject of the hypothesis
developed here.

Consideration of Laplace Domain Inputs

Linear control theory states that the general solution to the
differential equations describing the system requires the input x(t) to
be of the form shown and the ouput to be of the form

ot iV re
y(t) = GAe sin (wt + P + 8) + IBe e
Forced Response Free Response

Where G and © are the magnitude and phase of the transfer function and are
functions of s = ¢ + ju. The free response.f's are the transfer function
pole locations and the complex constants, Bd", are determined by initia}
quiescent conditions. The linearity of the system allows an arbitrary input
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to be approximated by any number of functions of the form x(t). If we
consider how well the irregular aperiodic inputs which a human operator
might make to a system may be approximated by a linear combination of
functions of the form x(t), it will be apparent that restricting
consideration only to those points for which o = 0 does not necessarily ]
give the best approximation.

The Taylor's series expansion of the input function equates the value :
of the function and the series as well as their derivatives at a point in
time to obtain an approximation to the function in the vicinity of that
point. Similarly we may equate the value of the function and its first
derivative at a number of time points to obtain a series of the form x(t)
valid over a given time interval. These equalities will be referred to as
similarity conditions. The number of these conditions which may be enforced
is related to the number of terms in the Taylor's series and therefore the
accuracy of the approximation. Writing x(t) in complex form
' i st
x(t) = IAe e
23

and imposing similarity conditions on x(t) and its derivative x'(t) at i
points yields a system of constraint equations.
— - r—

st Sot s;t. | [ 39 7

x(tl) e 11 e 251 e e e .. et Ae l/2j
s, t s,t s.t 0

x(tz) e 172 e 22 e e ... e’ 2 Ase 2/2j
Sty Syts Sits 39,

x(ti) e e B - L&ie */23

- 1T 515 s,y sitlﬁ o jﬁl j

1 »

X (tl) s,e s,e c e ... sge Ale /23
s.t s,t s,t j¢

172 272 172 2,..

x'(tz) s e s,e e ... sye Aje /23
s, t, s, t, s.t if,

' 174 271 i~i i,,.

x (ti) s,e s,e L Cie /23

b = L. - -

in which Aj, 04, wy, 01 are unknown. Considering that each equation has
a real and imaginary part, these represent 4; equations. Thus with the
complete input form it is possible to enforce 2j similarity conditions.

164




If however we restrict consideration only to S values for which o = 0,
we eliminate both ¢ and w as variables, reduce the number of similarity
constraints to i and therefore reduce the accuracy of the approximation. The
input form becomes

x(t) = LA sin (ut + @)
Each term of which repeats when
wt = 2mn
For all terms to repeat at the same time:

t=2mm = 2mm = etc.
(01 (A),)

Which means only that the ratios of the frequencies must be rational numbers.

w] = n/m

Wy
Therefore, to any desired accuracy, the frequencies are always integral
multiples of a common base frequency and the input approximation:

x(t) = LA sin (nwt/L + @)

becomes the general Forier series which repeats every 2L. To approximate
on aperiodic series a lower limit on 2L equal to the time interval over
which the approximation must hold must be imposed to prevent the series
from repeating. The frequencies in the dampled sine series have the same
relationship except that no lower limit exists on 2L making the frequencies
in effect independent of L and each other.

Thus, setting o = 0 also eliminates w as a variable and cuts the
number of similarity conditions that may be imposed in half. The exception
is when the input function really is periodic, then o = 0 for all terms.

It is now clear that examining the input/output similarity between two
systems only along the jw axis in the Laplace domain reveals the equivalency
of the systems to periodic input signals only.

Just as in frequency response methods it is necessary to determine
the range of interest of the Laplace variable, S. If the frequency limits
are related to pilot reaction speed by the time between peaks, the limit
is easily extendable to the first peak of a damped sinusoid which occurs
at time

t, = 1 tan 1 -w

w c

Values for ¢ and w which hold t, constant represents the boundary of the
region in which human pilots are capable of operating. Two systems should
respond similarly to all input signals in this region to be equivalent. The
boundary for t, = .157 sec. corresponding to an upper frequency limit of
10 rad/sec. is shown in figure 1 along with a number of test signal points
which span the region.
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Time Respons. Matching

It is possible to determine equivalent system parameters by enforcing a
minimum acceptable degree of similarity between the time responses of the high
and low order systems when both are subjected to a common damped sinusoidal
input. A number of methods including a minimum squared error fit may be used
to accomplish this. The method chosen here is to impose a number of similarity
conditions on the equivalent system output:

ot i
y(t) = GAe sin (wt + 8) + IBe e

Tt

and its derivative:
ot ju
y'(t) = GAe {osin(wt+8) + wcos(wt+8)} + IrBe ert
at a number of points in time. Doing so produces a number of non-linear
algebraic equations in an equal number of unknowns. That number is related 1
to the order of the nth/mth equivalent by:

no. of unknowns = 1 +n + 2 m

This number of similarity conditions may then be enforced on the equivalent
system output. Tb$ question remains of what similarity conditions to enforce.

The constants, BeJ , are determined by the initial conditioms.

y(0) = 0, y'(0) = 0, -—-, ym_l (o) =0

and must always be enforced. This leaves l+n+m similarity constraints to be
enforced at non zero time. The choice for these must lie in assumptions about
what gross characteristics of the output function are most significant to human
pilots. 1If it is assumed that the pilot will interpret the initial peak as the
systems response to his input and the remainder as characteristic of the residual
dynamics of the system, then applying similarity conditions at the initial peak
and at the subsidence time are conditions to be met. These are felt to be only
the minimum conditions for obtaining good correlation with pilot ratings. It is
also clear that to meet the four required similarity conditions with n less than
or equal to m, n must be 1 and m must be 2.

Therefore, the minimum acceptable low order system is lst/2nd. For a
1st/2nd order system the constraint equations become:

r =a+ jb

o =GA sin 8 + B sin ¢
o=GA (0 sin @€ + w cos 8) + B (a sin ¥ + bcos ¥)
Otl atl
y(tl) = GAe ~ sin (wty;+8) + B e ~ sin (bt1 + y)

0t2 at2
y(tz) = GAe * sin (wt2+9) + B e "~ sin (bt2 + y)
Otl atl
o = GAe [osin(wtl+9) + wcos(mt1+0)J + Be [;sin(btl+w)+bcodbtl+w)]

rt at

2 [asin(btz"-;,?-) + bcos(bt2+vb)]

2r . .
y'(t2) = GAe [p51n(wt2+9) + msxn(wt2+6)] + Be




which may be solved numerically for:

G, 6, B, ¢y, a, b.

The equations have a different form if real roots are required. The
numerator zero and gain are determined from

K (s+a3) = GeI® (s? + 2as + aZ4p?)

If the value of s = otjw is altered the known coefficients of the unknowns
in the above equations are altered. In general this means that the solutions
for the unknowns depend on the value of s choosen, that is, the input function.

If this were not true and the equivalent system parameters did not
vary over the laplace domain, they could be determined as well by imposing
a single similarity condition for a number of input signals as by imposing
a number of similarity conditions for a single input signal. The magnitude
and phase of the transfer function at ¢ = 0 represents the same condition
as the subsidence time at non zero ¢. Matching the jw Bode is then
equivalent to enforcing the similarity of the long term time response for
many different input signals. The theory implies the success of that
technique depends on the equivalent system parameters variations being
negligible throughout the pilot operating region. Failure to obtain a
close match of frequency response implies failure to find a single set of
equivalent system parameters capable of simulating the long term response
of the system over the frequency range of interest. Provided that the
frequency match solution method is reliable, this is a direct indication
that the equivalent system parameters can not be considered constant even
along the jw axis. Since frequency response matching does not answer the
question of how much the parameters vary it is not known if they vary
beyond acceptable limits. Therefore failure to obtain a good frequency
match may not necessarily be sufficient reason to discard the system.

Artificial Time Delays

Time delays were instituted to remedy the inability of frequency
matching techniques to obtain acceptable phase angle matches. As justification
it was reasoned that the time delay accounted for high frequency lags.

From the viewpoint of time response matching use of artificial time
delays is mostly negative. All the required similarity conditions can
be met without them. Time delays shift the initial conditions to a time
greater than zero while adding the ability to enforce one additional
similarity condition. But while one is gained two are lost in shifting
the initial conditions. 1In addition the equivalent parameters must be
adjusted to allow for a quicker rise to the initial peak. TIf the time
delay is small, this adjustment may be similarly small and the shift in
initial conditions may go unnoticed by the pilot. The result may even
be better, in the minimum squared error sense, than the same order system
without time delay. But the time delay is in effect increasing the order
of the system beyond the minimum form. Use of a 2nd/2nd order equivalent
could achieve the same or better result without disturbing the initial
conditions. There is then an implication that the use of artificial time
delays may not be desirable.
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Examples of Time Response Matching

The LAHOS 1-4 configuration of reference 2 was subjected to the input
signals of Figure 1. Figures 2 and 3 show time response comparisons between
the high order system and the time response matched equivalents for several
of these inputs. The initial peak magnitude of each input was held at unity.
Figure 4 shows the variations in the equivalent system parameters compared
to the Lo free frequency matched equivalent.

The time histories demonstrate that good time response matches are
obtainable for a variety of inputs using the suggested method. Since good
time response matches may be obtained the concept of an equivalent system is
strengthened. The variation in the equivalent system parameters with input
damping suggests that the invariance assumption is very good at low frequencies
at least for this system. At higher frequencies however the assumption breaks
down. Large variations with frequency are also indicated. Further the La
free frequency matched equivalent, which has a cost function less than 10,
does not closely approximate all the time response matched equivalent
system parameters in the region where the assumption appears to hold. This
is probably due to averaging effects over the whole frequency range, including
the region where the assumption of invariance does not hold. The distorting
effects of the time delay could also be a contributing factor.

Neal and Smith Criteria

The Neal and Smith criteria of reference 1 is also a frequencv domain
technique. As such the invariance of parameters is implied just as in
frequency response matching. There are however stronger similarities
between the two methods. The main difference is the low order system is
0/2nd order and fixed. The fact that this is less than the minimum 1lst/2nd
order indicated by time response matching does not invalidate the approach
since its response is the standard against which the high order system is
measured. That is the high order system is the equivalent. Variables are
added to the high order equivalent by adding variable pilot compensation:

Kp (TlS+]2 e-.3S
(T25+1)

Since the high order system has only three variables, only three non-initial
similarity conditions may be met. Thus the pilot compensation form is
inadequate to impose time response similarity according to the time response
matching method.

Before the resonance and crossover frequencies of the 0/2nd order
"optimum'" can be related to the high order system the order of the pilot
compensation must be increased so that minimum acceptable similarity of
time response matches may be obtained. Once this is done the validity
of the method still depends on invariance of the equivalent system parameters.
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Summary of Implications

The implications of time response matching make several strong
statements about current methods which as yet have not been thoroughly
verified by experiment. The method should be considered as an attempt
to gain insight into the behavior of high order systems and evaluated in
terms of its ability to account for observed trends in on going research

efforts.

1.

2.

The main implications of the method discussed in this paper are:
Equivalent systems is a valid concept.

Equivalent system parameters are functions of input.

a., Frequency domain techniques may not always be reliable.

b. Pilot rating may be a function of control technique.

Artificial time delays should not be used.

1st/2nd order is the minimum acceptable form for lower order
equivalents.

Failure to obtain a close frequency match is evidence that the
equivalent system parameters may not be considered constant and
is not sufficient reason to reject the systen.

The pilot compensation model order in the Neal-Smith criterion
should be increased for best results.

The high order system may be judged on the variation of equivalent
system parameters over the pilot operating region.
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ADVANCED FIGHTER TECHNOLOGY PROGRAM

Walter E. McNeill and Robert I. Sammonds
National Aeronautics and Space Administration
Ames Research Center

Moffett Field, California 94035

During the past 4 years, NASA has been engaged in a cooperative
program with AFFDL to use Ames simulator facilities to study the application
of advanced control modes to tactical aircraft. In this program, the area
of application has been air-ground weapon delivery - specifically, the dive
bombing task. The control modes considered for study were direct sideforce
control (DSFC, mechanized to provide wings-level turn capability), direct lift
control (DLC), and thrust/drag modulation (TDM) (fig. 1).

During the course of the program, DLC and TDM were studied only
briefly, due to time constraints and limited apparent benefit to the dive-
bombing maneuver. In the later simulation phases, which comprised two sessions
in the Flight Simulator for Advanced Aircraft (FSAA), attention was focused
on a detailed parametric study of the wings-level-turn (WLT) mode during dive
bombing runs using a fixed, depressed-reticle sight and assuming delivery of
unguided bombs. (Other studies had indicated that, of the proposed direct
force modes, WLT showed the most promise as an aid in acquiring the target
and making lateral corrections during the dive bombing task.).

Pilot input by means of the rudder pedals had been found during
early studies to be the most natural method of applying direct sideforce. The
WLT response of the delivery vehicle was assumed to be related to pedal
input by the following transfer function:

Ywr M s +1) ™

8 : T s+ 1 s2 o+ 2

P ( )(__2_ _Cz s+ 1
kn wn

The gain, time constants, time delay, natural frequency, and damping ratio
were subject to variation, singly or in combination, during the experiment.
It was not the intention of the experimenters to simulate a particular design,

~n1v to provide an uncoupled (but realizable) WLT response with easily-variable
haracteristics.,




Figure 2 shows the manner in which the WLT mode was mechanized for
the purpose of the simulation. The sideforce coefficient Cyyr was fed

directly into the airplane sideforce equation as the total CY . The
compatible yaw rate TYLT {equal to aYWLT/‘vT ), modified by the pro-

portional-plus-integral g8 feedback to ensure minimal sideslip, was introduced
as the total body-axis yaw rate (by-passing the yawing equation) whenever the
WLT mode was selected. The gain Ky was adjusted so that a maximm of 3.0 G
could be commanded during nearly the entire experiment. Because the maximum
side acceleration capability of the FSAA was about 0.3 G, the machine could not
approach the acceleration levels considered. However, normal flight and
initial onset cues were provided.

Figure 3 depicts the dive bombing task. The initial altitude and
release altitude were 10,000 feet and 5,000 feet, respectively. Because the
FSAA visual system offered essentially only a straight-ahead field of view,

a standard approach to a point abeam, pop-up, and roll-in to the target

could not be used. Instead, an open-loop maneuver consisting of a 90-degree
diving turn was adopted for initial target acquisition. Physical limits

of the visual display system limited the dive angle to 30 degrees. The pilots
were instructed to try to arrive at specified bomb-release conditions (airspeed,
altitude, dive angle) simultaneously, and not to compensate for error in

one variable by adjusting another. Scoring of impact error was not among the
test data being gathered. To increase the piloting effort and exercise the

WLT mode more fully, a change in aim to a secondary target (displaced 1000

feet laterally from the primary target) was commanded during roughly half the
runs, This task was called the ''coarse task'. The task involving no target
change was called the 'fine task'. The Cooper-Harper rating scale was used to rate
the WLT responsc and ease of performing the tasks as the transfer function
characteristics were varied. The results presented here are preliminary and
subject to further analysis.

The natural frequency and damping ratio of the second-order part
of the WLT response were varied from 0.5 to 12 rad/sec and from 0.3 to 2.0,
respectively. Figure 4 shows variations of average pilot rating with natural
frequency for the underdamped and critically-damped cases. Only data
for the fine task are shown; the variations for the coarse task were similar
but individual ratings were in general slightly less favorable. (There
were no ratings worse than 7 because controllability was
never in doubt.) In the middle frequency range (3< wp < 8) the best ratings
were given to the ¢ = 0.7 cases. The data for ¢ = 0.3 and 0.5 show
increasing degradation in ratings with respect to those for ¢z = 0.7 as frequency
was increased, up to wp = 4.5 rad/sec. The presence of overshoot in the
response, by making lateral tracking of the target more difficult, may
explain the poorer ratings. Looking only at the more highly-damped conditions
in figure 4, it appears that a frequency of at least 4 to 5 rad/sec would be
required for satisfactory characteristics.
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Figure 5 shows pilot ratings for the overdamped cases vs. frequency
expressed in terms of the value of the low-frequency real root. (For these
cases, a spread of more than 5 to 1 existed in magnitude of the two real
roots.) The critically-damped cases from figure 4 are repeated for comparsion,
Plotted in this manner, the ratings for the overdamped cases fit generally
in a narrow band as indicated by the shaded area. For these cases, the
minimm negative real root value for satisfactory response appears to be
about 3.

On the hypothesis that response bandwidth might serve as an over-
all correlating parameter, tie rating data were plotted as functions of band-
width (defined as the frequency at which the actual response fell 3 db
below the zero-frequency level}. These results are shown in figure 6. Smooth
variations of average pilot rating with bandwidth were ohtained for ¢ = 0.7
and greater, but distinct variations for each value of ¢ are seen, indicating
a still-separate effect of damping ratio. Here, the highest {overdamped) cases
received the best ratings for a given bandwidth. Curves plotted for ¢ = 0.3
and 0.5 deviate in the unfavorable direction from the trends shown bv the
higher-damping data, indicating again the degrading erfect of overshoot in the
WLT response.

Figure 7 shows the effect of variation of the pure time delay

generated by e As y» starting with the base condition wn = 15 and g = 1.4.
As expected, deterioration in rating occurred for both fine and coarse tasks;
however, the coarse task tended to be rated worse becausc of the increased

.ticipation required to stop the turn precisely on target. This requirement
smparently was more troublesome than the effect on fine tracking. These data
indi-ate that for the purpose of establishing a maximum allowable delay, as
might be introduced by a digital flight control system, one should pick a
value somewhere around 0.1 second.

The amounts of WLT sideforce authority actually used during typical
coarse-task runs are indicated in figure 8. Three levels of maximum authority
(commanded side acceleration available, proportional to pedal deflection) were
provided: 0.5, 0.75 and 3.0 G. Each curve is a distribution function which
indicates, for any given percentage of run time, that the commanded side
acceleration was equal to or less thun a certain value. The curve for
3.0 G indicates that approximately 1 G capability would suffice for 75 percent
of the time and therefore might serve as a reasonable minimum requirement. The
lowest level of authority (0.5 G) was inadequate for the task. Pilot comments
indicated that even during the fine task target acquisition and tracking
with this limited authority was very difficult if not impossible, so it
appears that the change to the secondary target was not seriously attempted
during the coarse task.

Figure 9 summarizes some of the tentative conclusions of the Advanced
Fighter Technology program as of the date of the present Symposium and Workshop.
The preliminary nature of the results is again emphasized. A NASA Technical
Publication covering this work and authored by Robert I. Sammonds (NASA/Ames)
and John W. Bunnell, Jr. (Capt., USAF/AFFDL) is now in preparation.
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DISCUSSION ON 10 OCTOBER 1979 PRESENTATION RY

WALTER McNEILL

WINGS LEVEL TURN SIMULATOR EVALUATION i

(Question: To what level of lateral acceleration can the human pilot be
expected to function suitably?)
Jack McAllister, GENERAL DYNAMICS:

There were two noteworthy occurrences on the Fighter CCV Program that
give some indication of the allowable lateral acceleration level for the
human pilot. 1In both instances an automatic disconnect from Direct Sideforce
operation occurred at about 0.9 g lateral acceleration. In the first
occurrence, the pilot was intentionally exercising the automatic disconnect
feature and the ensuing response was considered to be mild. 1In the second
occurrence, a different pilot experienced a gust induced automatic disconnect
from a full Ay mode steady-state command. This second occurrence resulted
in some unintentional pilot-aircraft coupling and was considered to be the
maximum transient comfortably tolerable. Aside from the unexpected
transients, operation at lateral accelerations up to 0.8 g was considered
satisfactory although reaching laterally to locate and activate a switch,

etc., while at these lateral acceleration levels was quite difficult.
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SECTION III

WORKSHOP DISCUSSIONS
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At R it DAL

WORKING SESSION

CLOSED LOOP CRITERIA
MODERATOR: Frank L. George
Flight Dynamics Laboratory

This session focused on discussion of three informal papers presented by
Larry Taylor of NASA Langley Research Center, Dr. David Schmidt of Purdue
University and Ed Onstott of Northrop. The intent of having these papers
presented was to evoke discussion of three topics pertinent to closed loop
flying qualities criteria. These topics were analysis and techniques, metrics
and criteria definition.

Abstracts of the presentations by Mr. Taylor and Dr. Schmidt are included
here. Mr. Taylor's presentation consisted of first results of some work in
progress and it is suggested that those who are interested in further details
contact him directly. Further details of Dr. Schmidt's presentation may be
found in his AIAA paper (79-1749) from the 1979 AIAA Guidance and Control
Conference, or in the AIAA Journal of Guidance and Control. The complete
text of Mr. Onstott's presentation is printed here.

Both Taylor's and Schmidt's presentations rely on the multivariable
capability of optimal control theory to formulate the pilot-in-the-1oop
control problem, and the quadratic performance index as a means of quantifying
the closed loop system performance. Both see the performance index as a link
between the quantitative system performance measures and the traditional pilot
subjective assessment of system characteristics, the Cooper-Harper Rating.
Others, Dr. Ronald Hess at NASA Ames for example, have also investigated this
relationship. Onstott's paper deals more generally with the philosophy of
defining flying qualities criteria in the context of the intended mission avr
application of the aircraft. Several important considerations involved with
this approach to defining criteria are discussed, such as the need to present
specific flying qualities requirements as design goals without constraining
the design methods or technology appiications. The presentations stimulated
much comment and discussion. While no major conclusions were reached, there
seemed to be general endorsement of pursuing more analytical approaches to
developing and defining flying qualities criteria.
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DESIGN CRITERIA SUITABLE FOR OPTIMAL FLIGHT CONTROL
WHICH RELATE TO PILOT RATINGS

By Lawrence Taylor

NASA Langley Research Center
Hampton, VA 23665

ABSTRACT

Design criteria suitable for applying linear, quadratic, Gaussian
modern control synthesis to the flight control problem, are developed
which relate to (1) pilot ratings of the augmented handling qualities,
(2) subjective ratings of aircraft response to turbulence, (3) limit
cycles, (4) high order system response, and (5) simultaneous considera-
tion of diverse flight and loading conditions. The criteria are based on
an integral quadratic cost function which penalizes the difference
between the desired response and the actual response for a set of design
points (see Figure 1). The desired response and turbulence input are
modeled as the output of separate systems subjected to white noise. The
total problem, although complex, is amenable to optimization using modern
control theory.

The advantage of the criteria discussed lies in its integration of many
of the numerous aspecis of designing flight control systems (see Figure 2).
The relation of the criteria to pilot rating is not as strong as one might
1ike, particularly to pilot-induced-oscillation situations. Much work
remains before the approach taken can become part of a flying qualities

design criteria, but the potential benefits justify continued research.
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DOES QUADRAT!C PERFORMANCE INDEX CONSIDER ADEQUATELY:

FLYING QUALITIES DESIGN CONSIDERATIONS

STABILITY YES
DAMPING YES
RESPONS IVENESS YES
MANEUVERABILITY YES
CONTROLLER CHARACTERISTICS ?
COUPLING NO
HIGH ORDER YES
RESPONSE TO TURBULENCE YES
NONLINEAR EFFECTS ?
VARIOUS FLIGHT/LOADING/FAULT CONDITIONS  YES
MISSION REQUIREMENTS ?
AIRCRAFT TYPE ?
WORK LOAD ?

FIGURE 2 RELATIONSHIP BETWEEN QUADRATIC PERFORMANCE
INDEX AND DESIGN CONSIDERATIONS




PILOT-OPTIMAL AUGMENTATION
FOR THE AIR-TO-AIR TRACKING TASK

David K. Schmidt
Purdue University
West Lafayette, Indiana

Abstract

A method based on optimal control techniques, closed-loop task-

oriented design objectives, and an optimal control model of the human
pilot (see Figure 1) was applied to augment the system dynamics in a
tongitudinal air-to-air tracking task. The plant dynamics included {
not only the vehicle short period mode but the dynamics of two dif- "
ferent lead-computing sight displays, at different tracking ranges
and levels of target acceleration. Previously obtained experimental
results were duplicated, a family of full-state feedback linear
control laws developed, tracking improvements predicted, and augmented }
system dynamics (eigenvalues) investigated. The results demonstrate
the dependence of the desirable vehicle (short period) dynamics on the ;
dynamics of the other system modes (e.g., the display), thus emphasizing ‘

the importance of con idering all the system dynamics in handling qualities

investigation and stability augmentation synthesis (see Figure 2).
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AN ECLECTIC REFORMULATION

OF FLYING QUALITIES

E. D. Onstott
W. H. Faulkner

Northrop Corporation
Aircraft Group
Hawthorne, California

ABSTRACT

The development of high authority and non-standard control configurations has
led to aircraft designs that cannot be well correlated with the existing flying qualities
data base. For the subject of flying qualities to be responsive to current needs in air-
craft design and procurement, an eclectic reformulation of the subject is required.
This paper presents one approach that allows much greater freedom in problem formu-
lation and suggests ways to free the subject area from the domination of specialized
methodologies.

INTRODUCTION

The authors have recently completed a study for the USAF Flight Dynamics
Laboratory which resulted in the documentation of a comprehensive account of one
particular approach to the prediction, evaluation, and specification of flying qualities.
This time history simulation technique was not intended to replace or render obsolete
other flying qualities approaches; rather it was initially developed to analyze problems
that were not amenable to study by linear or time-invariant means. Since the publica-
tion of the contract report, AFFDL-TR-78-3, the authors have received a number of
comments that indicate two widespread difficulties:

e The subject of flying qualities is often defined by its practitioners in terms
of existing analytical and test methods.,

e It is difficult for new approaches to the subject to be properly understood in
relation to the existing technology.

It is the object of this paper to indicate how the subject of flying qualities in-
herently contains the means to overcome the limitations of established methodologies
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so that a fully eclectic capability will be available for the study of aircraft now being
designed. Two things will be presented:

e A discussion of how flying qualities can be defined with respect to its
functions: evaluation, specification, and prediction.

An indication of how the definitions and subject requirements of flying
qualities can be interpreted in terms of specific methods of testing, speci-
fication, analysis, and prediction,

Conventional flying qualities practice implicitly depends on the almost universal
dynamic similarities of fixed-wing aircraft, This allows a direct comparison of air-
frame dynamics that are easily calculated and correlated with operational experience.
However, the recent development of high authority control systems which tend to ob-
scure the basic airframe dynamics implies that the conventional aircraft comparisons

are no longer sufficient as the basis of flying qualities analysis.

Furthermore, the domain of flight controls and flying qualities is becoming con-

siderably broader as a result of:
e Integration of control, propulsion, weapons, and navigation systems.
e  Ability to decouple and regroup the aircraft dynamic modes.
e Advanced head-up and CRT displays.
e New controller concepts.

For these reasons, experience based on aircraft comparisons cannot constitute
a complete basis of flying qualities work in future applications. Thus, to be responsive
to the needs of aircraft design and procurement, the subject of flying qualities must be
reformulated in accordance with the following postulate:

All flying qualities evaluation, specification, and prediction concerns must be
expressed in terms of a particular airplane and how well it can meet intended
design and procurement objectives.

The practice of flying qualities has started adopting this basic postulate in the
following areas:

e  Flight test and simulation — development of standardized test maneuvers,
Reference 1.

Specification — proposed USAF Prime Standard and Handbook, Reference 2.

Analysis and Prediction Methods — CCV studies, target tracking analysis,
discrete maneuver analysis, Reference 3.




These trends reflect the importance of asking the right questions in terms of what the
pilot can make the airplane do, independent of established analysis methodologies.

In order to see how the basic postulate can be followed, it will be useful to ex-
amine the resources of flying qualities as a subject and how they can be used for the
principal applications of flying qualities evaluation, specification, and prediction for
each area of concern,
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DEFINITION OF FLYING QUALITIES

Historically, the subject of flying qualities has developed by utilizing available
analytical and experimental methods. These constitute the subject's four basic
resources:

e Historical data and data correlations.

e TFlight test procedures and capabilities.

e Flight simulation methods, both in-flight and ground-based.
e Mathematical modeling and analysis techniques.

For example, the description of aircraft dynamics, both open and closed loop,
has followed the trends of control theory. Frequency response descriptions were first
employed, but with the development of root locus methods, eigenvalue descriptions
became widely used. At present, state variable and optimal control methods are be-
coming prominent along with time history simulations. At each stage of this develop-
ment, there were increased capabilities to correlate aircraft dynamics descriptors, and
to define further aspects of flying qualities consideration in terms of available dynamic
models. In this way, the available or accepted methodologies determined what aspects
of piloted flight were appropriate for study.

If flying qualities is to become fully responsive to advanced aircraft design and
procurement, this process must be reversed. By investigating definitions and objectives
of the subject, guidelines for the supporting methodologies can be established; the
following discussion will do just this.

In developing the subject independent of methods, it should be kept in mind that
there are a large number of dynamic aspects of piloted flight that are largely indepen-
dent in description. This diversity includes, for example,

open loop response display and cockpit layout
precision tracking flight safety
PIO formation flight

integrated fire-flight control feel system characteristics




[P

and the investigation of a particular aircraft must include all such relevant items of

concern,

In terms of the above considerations, the subject of flying qualities can be de-
fined as the discipline of investigating all relevant areas of concern by means of the

above resources for the following purposes:
e Judging the performance of a specific airplane,
e Aircraft procurement and design specification.
e Aircraft performance and flying qualities prediction for use in:
e Aircraft design and development.

e Aircraft improvement and modification.

AIRCRAFT EVALUATION

Before judgments can be made concerning piloted performance, data must be
obtained from, or assigned to, the airplane under consideration. This process of

obtaining descriptive piloted performance data is called aircraft evaluation and data

obtained can be classified as follows:
® Objective - numerical measures obtained through instrumentation.
e Subjective - pilot statements,
e  Analytical - behavior of mathematical aircraft dynamic models.

The totality of these evaluation data for a given airplane is called its flying qualities,
while the totality of the subjective evaluation data is often referred to as the handling
qualities,

Objective Evaluation Data

Objective data can be routinely obtained for all aspects of aircraft performance.
Consequently, there is no restriction in applying the basic postulate of flying qualities
with respect to aircraft evaluation using objective data.

Subjective Evaluation Data

The pilot's subjective evaluation consists of how well he thinks the airplane did
or could do, and how much "workload" was involved, supported by diagnostic comments
about good or deficient airplane characteristics. This information can be obtained
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from the pilot for each area of concern, or as a summary of particular aircraft flight
or mission phases. This subjective evaluation is always available in conjunction with
any flight test item that leads to objective evaluations.

Although there are two possibly independent aspects in the pilot's evaluation,
, performance and workload, there has been a highly successful and almost universal
‘ method of reducing the subjective evaluation to a scalar quantity, namely the pilot
opinion rating, Reference 4. Since pilot acceptance of an airplane is of great impor-
tance along with acceptable objective performance, the use of pilot opinion rating
methods, particularly the Cooper Harper rating scale, should be continued.

Unfortunately, there has been no standard method for supporting the rating by
diagnostic comments. This means that it is seldom possible to understand the blend
or compromise of performance and "workload" that a pilot has used in giving his
rating judgement, even though a decision tree of performance and compensation de-
scriptors is explicitly provided in the Cooper Harper rating method. This is further
confused by diverse assumptions adopted by many flying qualities analysts that work-
load is:

® compensation

e identified pilot parameters

e physical exertion against controller force gradients
® reserve attention

o time estimation

e total angular rate

e pilot - aircraft payoff functional

Depending on the flight task evaluated, each of the above interpretations of work-
load may be the most meaningful or influential on the pilot rating. In the case of an
airplane with a high workload, it is important to understand the exact dynamic nature
of the problem before corrections to aerodynamics or control modifications can be
undertaken. For these reasons, it is recommended that in support of a Cooper Harper
pilot rating, the pilot state what aspects of workload seem to dominate. This should
be included in a standardized diagnostic questionnaire. This recommendation implies
no change in the Cooper Harper rating scale or methods; it applies exclusively to the
way and precision with which the scale is employed.
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Analytical Evaluation Data

; !
!

Analysis as a means of aircraft evaluation must be carefully understood. As an
evaluation, any performance measure obtained by analysis must be regarded as equiv-
alent to what would be measured using the actual airplane. Thus a valid analytical evalua-
tion has the same evaluation status as actual flight test data. Examples allowed by Air
Force specification practice include dutch roll and short period eigenvalues calculated
from determined airframe aerodynamics, and dutch rolli mode amplitude and phase
measures also calculated from aerodynamic data. In this way, the calculated eigen-
values, for example, are used to determine acceptable or unacceptable performance
according to Reference 5, Military Specification, Flying Qualities of Piloted Airplanes,
MIL-F-8785B.

For this reason, analysis methods must be far more reliable than prediction
methods, whose main purpose is to guide early design and development. In order to
assure the required reliability, the following conditions on the analytical methods should
be met whenever possible:

e All calculated quantities should be potentially measurable or reducible from
flight test data.

e Verifications by flight test data should be obtained for representative flight
conditions.

e All data used in the calculation must be either obtained from, or verified by,
flight testing.

e All aircraft, control, and aerodynamic models, regardless of formulation
in the time domain, s-plane, or state space, must be sufficiently general
to include all relevant dynamic and kinematic effects.

It was stated in the Introduction that the basic postulate of flying qualities implied
that questions concerning a particular airplane should be phrased in terms of its partic-
ular design and procurement objectives. This means that to be most meaningful, the

following three questions must be resolved prior to flight testing and analysis:
e What test maneuvers are to be flown ?
e Which items are to be evaluated by the same test maneuver ?

o For what purposes are the objective and subjective data to be used?
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AIRCRAFT SPECIFICATION

Specification consists of criteria by which judgments are assigned to aircraft
evaluation data. These come about in the following way: Procurement objectives
state what the intended airplane must be able to do, while specification criteria, whether
developed by the procuring agency or the airplane designer, express how well the air-
plane should perform in terms of aircraft evaluation and pilot acceptance as discussed

above. The overall objectives of satisfying the specification criteria are: !
e guaranteed aircraft capability

e guaranteed pilot acceptance

Procurement criteria, such as MIL-F-8785B, have evolved by identifying cor-
relations among conventional aircraft between performance measures and acceptable
pilot ratings. In this way, the evolved criteria have dictated the performance mea-
sures to be evaluated along with associated flight test and analysis methods. Since
this approach requires comparison of many similar aircraft, specification methods
must be substantially augmented for current and future specification of unconventional
new designs and mission roles.

On the other hand, if evaluation measures have been comprehensively developed
for a particular airplane in accordance with the basic postulate, then all that is re-
quired are decisions on how well the airplane should perform on each objective and
subjective evaluation item. In this way, the most meaningful evaluation of a particular
airplane dictates an appropriate specification with respect to the procurement and
design objectives.

Introduction by the United States Air Force of the USAF Prime Standard and
Handbook to supersede MIL-F-8785B, Reference 2, will achieve the above objective
supported by the data base of the current specification and its background and user
guide, Reference 6. The large number of independent evaluation items will require a
widely diverse supporting technology. This must be well represented in the new docu-
ments which will indicate many ways to approach evaluation and specification.

It should be noted that the flying qualities analysis of future aircraft performed
in accordance with the principles outlined above, will proceed by selecting the most
appropriate and comprehensive objective and subjective evaluation items, placing
specification requirements on them, and only then, selecting analysis and prediction
methods to support the design and development of the airplane. It was pointed out
above that prediction and analysis methods are used in entirely different ways; this ;
will next be considered in more detail.

206



3
3 PERFORMANCE AND FLYING QUALITIES PREDICTION 1 “

Prediction of flying qualities consists of developing and exercising mathematical
models of open loop and closed loop aircraft response. The objectives of these anal-
yses are to:

e Predict compliance of evaluation items with specification criteria.

e Predict probable performance, pilot acceptance, and dynamic characteristics. )
e Predict performance tradeoffs among design parameters.

Inasmuch as future aircraft evaluations and specification criteria will be gen-
erated according to design and procurement objectives, many new kinds of prediction
methods must be developed and validated. These methods must predict both objective

and subjective evaluation data for all areas of flying qualities concern. In this way,

the selection of evaluation parameters and specification criteria will lead to selection H
of the appropriate pilot - aircraft models and prediction techniques. This resulting
prediction methodology will be useful in the following ways:

e To guide preliminary aerodynamic and contro! design.
e To guide final design during aircraft development.
o To identify, understand, and eliminate flying qualities deficiencies.

e To assist in demonstrating compliance with procurement and design
objectives.

e To assist in interpretation of pilot ratings and comments.

o To search for and identify unrecognized but relevant flying qualities
phenomena.
The selection of appropriate prediction methods depends upon the representation
of a particular item of flying qualities concern. This representation will always consist
of three separate parts. They are:

o Task Model. This is a mathematical description of a sufficiently repre-
sentative flight test item.

e Aircraft or Pilot - Aircraft Model. These models represent the dynamics
of the airplane or the closed loop piloted response during the performance of
the task as represented by the task model.
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e Evaluation Model. The evaluation model should include all objective evalua-
tion Items that would be obtained during the corresponding flight test. The
evaluation must also include data which can be shown to correlate well with
subjective pilot ratings and comments.

Once these model components have been chosen, the particular techniques for calculat-

ing the evaluation quantites can then be selected or developed.

Task Model

Task model selection in addition to being required for prediction methods, is also
an important aspect of flight test programs. For example, Twisdale, Neal and Smith,
and Meeker and Hall, References 1, 7, 8, have performed extensive flight test and in-
flight simulation studies using target iracking during wind-up turns, attitude tracking
of random commands, and step attitude tracking. These task models were selected to
be representative of combat tracking, and have proved to be good predictors of aircraft
operational experience., The success of these models makes them likely candidates
for use in the prediction of combat tracking by means of closed loop pilot - aircraft

modeling methods.

Aircraft Model

Aircraft model selection depends on the task model in the following ways:

e Flight condition. High angle of attack or sideslip angles may require non-
linear aerodynamic data.

e Maneuvering required. Large angular excursions and high angular rates
may redquire nonlinear coupled equations to represent adequately the perfor-
mance of the task model.

e Control system characteristics. If the performance of the task model re-
sults in limiting of rates or control surface excursions, these effects must
be included in the model. Other dynamic effects such as control augmenta-
tion saturation must also be included.

It should be noted that the selection of an appropriate model does not necessarily
imply the selectionof a computational method, but determines only the necessary
dynamic capabilities a computational context for the problem must possess.

The principal uses for the aircraft model are:

e Open loop aircraft analysis.

® Closed loop aircraft analysis.

e Use of the aircraft model for manned flight simulation,
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Flight simulation is a reliable method for predicting both objectives and sub-~
jective evaluation data. However, the reliability of these predictions depends heavily
on such factors as airplane model fidelity, visual and motion cue fidelity, and com-

putational efficiency in both ground-based and in-flight simulations.

Pilot — Aircraft Model

Pilot - aircraft model selection depends on both the task model and the relevant

evaluation items. The aircraft part of the pilot - aircraft model should be chosen as
above, and the pilot model must be expressed in whatever computational context this
requires. Unfortunately, the use of pilot models in flying qualities analysis has re-

mained controversial and non-standardized for the following reasons:

The pilot model has usually dictated a strictly linear and time-invariant
problem formulation.

The pilot model is often not well defined in terms of what model com-
ponents are to be used, what dynamic limitations apply, and what adjust-
ment or optimization rules are to be followed.

The calculation methods are often obscure and the data from the model
difficult to compare with flight test or simulation results.

Recent extensions, Reference 3, in pilot model theory have eliminated the linear
and time~invariant restrictions, and models can now be chosen to fit any computational
context required by the problem formulation. More precisely, all currently used
models are special cases of the following definition which will be adhered to in the sub-
sequent analysis:

Definition: A pilot model is a rule that assigns a dynamical description of a
pilot's activity during a given task along with a method for using the model
to predict evaluation data. This dynamical description is subject to human
limitations that include:

e transport time delay

e human visual resolution and motion perception thresholds

o limited motor information output channels

® neuromuscular dynamics effects

For precision control tasks, the model is adjusted to produce optimum
performance with respect to the evaluation parameters. This adjustment
may incorporate time-varying compensation, attention allocation, dis-

crete control inputs, and other control strategies that can be identified
in human pilot activity.




The selection of a particular set of pilot model characteristics should be made
exclusively on the basis of relevant pilot activity for each flying qualities evaluation
task item. This implies that the model must be developed independent of computational
method, and that various models and computational methods might be required in the
study of any given airplane.

Evaluation Model

The evaluation model consists of a set of performance quantities to be calculated
from the task, aireraft, and pilot - aircraft models, along with the methods to be used
and the interpretation procedures to be applied. All objective evaluation items estab-
lished through design and procurement requirements for flight testing, can be pre-
dieted by means of a properly selected model or manned flight simulation,

It often occurs during design and development that performance quantities are
identified that relate to flying qualities in previously unrecognized ways. Such
quantities are often related to control or weapons system behavior, and can best be
studied using a combination of prediction methods based on analytic models and
manned flight simulation. Subjective data obtained from manned flight simulation
should be obtained in the same manner as in actual flight test. In interpreting this
data, it should be kept in mind that activity of a simulation pilot is, in fact, only a repre-
sentation of what a pilot would do in the actual aircraft,

Correlations of Pilot Ratings

The prediction of subjective evaluation is performed by postulating correlations

of pilot ratings and comments with open and closed loop airplane and pilot model
parameters, and performance evaluations,

Correlation of pilot ratings and comments with open loop airplane characteristics
is the basis of many items in MIL-F-8785B. For sufficiently conventional aircraft
dynamics, short period and dutch roll eigenvalues correlate with pilot ratings. For
this reason, acceptable performance is judged when the corresponding eigenvalues are
within the specified bounds of frequency and damping. Other open loop dynamics
correlate with pilot comments and pilot ratings. Dutch roll amplitude and phasing, for
example, are unpleasant to the pilot in cases identified by MIL-F-8785B. Unfortunately,
such correlations obtain only for aircraft that have similar dynamic response modes.




Correlations of pilot ratings and comments with closed loop model and perfor-
mance parameters are applicable to a larger class of aircraft than the open loop cor-
relations. In this case, the correlations are in terms of how well the precision task
model is carried out along with some knowledge of predicted pilot activity as reflected
in pilot model parameters. There are three basically different methods currently
under development or in use.

e  Payoff Functionals. These are usually computed by means of optimal control

theory and give a weighted blend of output statistics and pilot activity. The
values of the optimized functional are correlated with pilot ratings,

e Pilot Rating Formulas. These models postulate that pilot workload is equiv-
alent to pilot compensation so that pilot ratings become functions of pilot
model parameters and output statistics weighted in a suitable manner.

e Multi-Parameter Performance Correlations. These methods recognize
that many tasks consist of several mutually compromising objectives that
the pilot must trade off against one another. By correlating ratings and
comments with these tradeoff elements, regions of output statistics that
correlate with ratings can be demonstrated without assuming functional
definitions of pilot ratings or pilot workload.

Analysis and Prediction Methods

It is extremely important to understand the distinction between analysis methods
and prediction methods. Inasmuch as both are used to generate data that is compared
against specification criteria, it is natural that confusion exists about the roles of

analysis and prediction.

As stated above, compliance with a procurement specification item must be on
the basis of aircraft evaluation data obtained from flight test. This data may be trans-
formable in certain ways, such as calculating short period eigenvalues from flight test
aerodynamic data, that involve minimal assumptions on the model. Such highly re-
liable and validated analysis methods simply transform flight test data into a different

form.

Prediction methods. on the other hand, are developed for use in design and
development as a guide when flight test data are not available. It may well be the
case that prediction methods have been instrumental in defining test items and cor-
responding criteria, but this in no way implies that data generated by these methods are
suitable for demonstrating compliance and hence justifying procurement. This is es-
pecially true of pilot - aircraft methods, and pilot rating prediction in particular.
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INTERPRETATION OF FLYING QUALITIES

The above discussion of the definition and objectives of flying qualities empha-
sized two principles:

e Formulating flying qualities questions in terms of a particular aircraft and
its procurement and design objectives.

¢ Defining required flying qualities models of task, aircraft or pilot-aircraft,
and evaluation, independent of computational algorithms.
These principles implicitly assume that for whatever problem formulation may
be developed, suitable means for flying qualities evaluation, specification, and predic-
tion are available. The goal now is to show how flying qualities defined by these

methods can be interpreted in terms of specific numerical quantities and computational
techniques.

Flying qualities is defined above in terms of its three areas of application:
evaluation, specification, and prediction. Moreover, it was shown that the imple~
mentation of the basic principles of flying qualities leads to a choice of evaluation
items independent of methodology from which specification items can be derived along
with appropriate prediction techniques for aircraft design and development. For these
reasons, the interpretations of evaluation, specification and prediction will be discussed
in that order.

EVALUATION METHODS

Evaluation was defined to be the process of assigning three kinds of data to a
specific airplane:

e objective - numerical measures through instrumentation
e subjective ~ pilot comments and ratings
e analytical - behavior of mathematical aircraft or pilot-aircraft models.

Once these evaluation data are obtained, they can be compared against specifica-
tion criteria and a judgment of flying qualities goodness can then be made.

The principal source of both objective and subjective evaluation data is, of course,
flight testing and eventually operational experience. Since evaluation data is mainly
used to compare against procurement criteria, operational data is usually not available.
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This means that the flight test programs must be sufficiently representative of the
operaticnal experience to give a realistic description of airplane capability.

Flight test procedures have been developed and refined in conjunction with air-
craft development and operational aircraft experience, and effective test maneuvers
and instrumentation have been developed. This experience has been exclusively con-
cerned with defining how the airplane is to be tested, what tasks are to be flown, what
measurements best reflect the resulting performance, and how the pilots are to be
trained, introduced to the tasks, and questioned. The emphasis of flight test method-~
ology on obtaining evaluation data (again contrasted to comparing the evaluation data
against criteria and making judgments) in terms of the behavior of a specific airplane
is in complete accordance with the basic principles of flying qualities as presented
above. For this reason, the concerns of flying qualities should be dictated by current

flight test practice and trends, and not by convenient computer codes.

The main problem in flight testing is the selection of flight test items. It is
important to keep in mind that these items are chosen not as typical operational flight
tasks, but as sources of evaluation data that will be as discriminating as possible
when used for comparison against design and procurement criteria. This is made
most clear in Reference 1 by Thomas Twisdale of the Air Force Flight Test Center:

"It is very important not to confuse tracking test techniques with the operational
tracking and gun firing techniques associated with an actual combat encounter.
Tracking test techniques are a powerful tool for identifying and defining handling
qualities deficiencies and optimizing flight control systems. These techniques
were specifically developed to elicit engineering data which may be used to
improve the handling characteristics of the airplane. In this respect it is cer-
tainly expected that the results of tracking test techniques (a better handling
airplane) will favorably impact the operational pilot's ability to control his air-
craft during combat encounters. But it would be 2 mistake to assume that the
data gathered using these techniques directly reflect such overall mission effec-
tiveness parameters as the likelihood of a kill. The overall combat effectiveness
of the airplane is a function of many considerations. Tracking test techniques
provide a measure of that portion of mission effectiveness which is related to
the pilot's ability to precisely control the aircraft attitude. "

The tracking test techniques to which Twisdale refers, concern tracking a target
aircraft during smoo.) win- -up or constant angle-of-attack turns. Data of this kind

has proved highly useful in a number of aircraft development programs, and this
approach to flight testing is firmly established.




Unfortunately, these developments in aircraft evaluation methods have not been
matched in flying qualities specification and prediction techniques. Presently there
are no criteria in MIL-F-8785B for target tracking performance based on standardized

target tracking tasks. This is in part a result of the previous lack of suitable estab-
lished prediction methods necessary for such criteria to be useful during preliminary

design and aircraft development.

Another tracking technique that is gaining prominence in flight testing is in
recognition that a major concern of the pilot is his ability to carry out discrete aircraft
flight path or attitude corrections quickly without resulting difficulties such as over-
shoot, residual oscillations, or unfavorable mode coupling. Discrete-error tracking
tasks are now frequently used in flight test and flight simulation programs. One of the
first and most important flying qualities flight test programs to incorporate these tasks
was the study performed in 1970 by T. Peter Neal and Rogers E. Smith using the NT-33
variable stability in-flight simulator, Reference 7. It is useful to consider the pilot
evaluation tasks that were used in this study.

An examination of these task items reveals that other than the IFR continuous
random tracking task, all flight task items were of a discrete nature, either to make
specific control corrections, or to perform open loop maneuvers. In Section 6.2 of
Reference 7 titled "The Pilot's View of Good Tracking Performance,' Neal and Smith
comment:

"The first step in the analysis is to identify the performance which the pilot is

trying to achieve when he "adapts' to an airplane configuration. The pilot com-

ments indicate quite clearly that he wants to acquire the target quickly and pre-

dictably, with a minimum of overchoot and oscillation. The question that
remains is how to translate this observation into mathematical terms."

This "translation' properly belongs to the subjects of flying qualities specification
and prediction and has been addressed in References 3 and 8.

It is interesting to contrast the flight test methods of tracking target aircraft in
wind-up turns with the flight test evaluation items based on discrete control correc-
tions and maneuvers. They are in no way mutually exclusive; rather they simply re-

flect evaluation emphasis on objective items (tracking statistics) or subjective items
fpilot ratings and comments).




SPECIFICATION METHODS

The extensive integration of controls, weapons, navigation, and avionics systems
in current aircraft designs implies that flying qualities specification items of aircraft
performance for all mission tasks cannot be independent, For this reason, the fol-
lowing discussion of specification and prediction will apply to those kinds of items
currently covered by MIL-F-8785B along with precision piloted tasks. In this sense,

there are two objectives of design or procurement specification items:

e to guarantee required aircraft capabilities

e to guarantee pilot acceptance.

Ideally, if the basic postulate of flying qualities as stated in the Introduction has
been followed, and an appropriate set of evaluation items has been established, these
two specification goals are easy to achieve., All that is required for the first is to
place inequality constraints on the evaluation measures, and for the second is to re-
quire favorable pilot ratings and comments for all test flight experience. There are
two reasons why this does not currenily suffice in practice:

e Appropriate sets of objective evaluation items have not been established
and verified as sufficient for procurement,

e Specification items must be predictable during design and development;
however, means of predicting performance and pilot acceptance for
non-standard control and unconventional aircraft configurations are not
fully developed.

For flying qualities as a subject to be fully responsive to the needs of current aircraft
design and procurement agencies, these limitations on specification must be overcome.
‘Two important achievements are required. First, in accordance with the above anal-
ysis of aircraft evaluation, it must be recognized that appropriate evaluation data sets
should be established in terms of particular aircraft design and procurement objec-
tives. As stated above, the guidance in doing this should be supplied by flight test and
flight operational experience. Second, flying qualities as a subject must refrain from
rephrasing all questions in terms of readily available or fasnionable problem formu-
lations, and instead respond by providing techniques for predicting specification com-
pliance for all items deriving from the evaluation methods currently being used or

being developed by flight test practice.
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There are three kinds of evaluation data, objective, subjective, and analytical,
that can be used to develop specification items to guarantee aircraft capability and to
guarantee pilot acceptance. The ways in which these data are used, and the corre-
sponding requirements of associated prediction methods will now be briefly summarized.

Specification and Prediction of Aircraft Capability

Open loop aircraft capabilities such as maximum attitude rates, rise times,
mode phasing, trimmability and other such performance measures constitute much of
the current MIL-F-8785B specification. Many of these items will remain appropriate
for future aircraft procurement, and sufficient prediction methods exist based on
transform, state variable, and time history representations of the aircraft and control
system,

Since subjective evaluation is by definition a matter of pilot acceptance, the re-
maining approach to aircraft capability specification and prediction is by means of ob-
jective evaluation measures deriving from precision piloted tasks. For objective eval-
uation items developed for critical or representative flight tasks, specification items
can be expressed in terms of statistics obtained by measurements in the time domain;
that is, by observing what the aircraft is doing. Quantities such as mean and standard
deviations of tracking errors, percent of time within allowable tolerances, and proba-
bilities of exceedances are all easily measurable, but must also be predictable for any
specification item based on them to be useful in aircraft design. Such prediction
methods are now largely available, and given task and evaluation models as defined
above, pilot-aircraft models can now be established and exercised to generate the
required objective data predictions.

Specification and Prediction of Pilot Acceptance

The cbjective of MIL- F-8785B is to assure flying qualities that are "clearly
adequate for the mission flight phase" when compliance is demonstrated. This is
dcne by comparing one- or two-dimensional analytical or objective evaluation measures i{'
against inequalities (one-dimensional data) or boundaries (two-dimensional data) that
have been validated to correlate with goodness of flying qualities defined in terms of |
Level 1 (clearly adequate), Level 2 (adequate but with increased pilot workload or {
degradation in performance), and Level 3 (safe flight, but inadequate flying qualities). '
It should be noted that the analytical and objective data correlated with Levels in
MIL-F-8785B are performance measures of the open loop airplane only, consisting




of such items as airframe or augmented airframe frequency versus damping, roll-

sideslip phase and amplitude, and controller gradient forces. All required evaluation
data for MIL-F-8785B comparison are easily predicted.

This MIL-F-8785B approach to flying qualities specification by correlating one-
or two-dimensional evaluation open loop data with Levels of flying qualities has been
highly successful, and it is natural to extend this method to correlate closed loop ob-
jective evaluation data as well. The use of closed loop pilot-aircraft prediction models
allows a much closer correspondence between specification items and design and pro-
curement objectives. Supporting predictive means exist for a wide variety of general
and representative evaluation data items that may be correlated in a one- or two-
dimensional way with Levels of flying qualities.

This task and evaluation generality manifests itself in two fundamental ways:
e Transient or steady-state precision piloted tasks.
e Single or multiple task pilot activity for a given flight phase.

A survey of the four corresponding basic closed loop pilot-aircraft prediction
models is presented in Reference 9.

So far, the discussion of pilot acceptance has concerned the use and prediction
of analytical and objective evaluation data. In addition to these correlations, the direct
use of pilot ratings should be considered. Experience has shown that current methods
of training test pilots and introducing them to prototype or development aircraft leads
to accurate predictions of acceptance by pilots of the resulting operational aircraft.
For this reason, the final judgment of pilot acceptance of a given airplane rests with
pilot ratings obtained during flight test programs. Specification of pilot acceptance
simply becomes a matter of requiring acceptable pilot ratings during all flight test
evaluation studies. During design, before the aircraft is available to a test pilot, cor-
relations of evaluation measures can be used to predict acceptance as discussed above.

There is, however, another approach: pilot rating prediction.

Several methods for predicting pilot ratings have demonstrated the ability to
"predict' ratings for previously existing sources of experimental data. These methods
postulate that the performance and workload aspects of the Cooper Harper rating
scale are weighted by the pilot according to a linear functional, or can be predicted
using optimal control and a pilot model performance index. A survey of the demon -
strations of pilot rating prediction reveals that a number of underlying assumptions will
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have to be justified before this attractive approach can gain acceptance as a prediction
method, let alone as a basis of flying qualities specification.

First of all, pilot compensation models have been developed and validated by
linear identification methods, and assume that the pilot operates as a time invariant
continuous controller who generates control commands as a fixed blend of tracking
error and its derivatives. The use of pilot models for rating prediction must assume
that the pilot model parameters are related to workload, since aircraft tracking per-
formance cannot be correlated with pilot model gains, leads, and lags. It must be
further assumed that all workload aspects of flying qualities are manifested in the

model coefficients.

Now consider pilot rating assumptions. It is assumed that aircraft performance
can be normalized or calibrated in a mianner that reflects a pilot's concern with ade-
quate flying qualities. It is further assumed that the workload measure is a linear
functional of the pilot model coefficients adjusted for optimal predicted pilot ratings,
that the pilot rating is a linear functional of both performance and workload, and that

the weighting coefficients are constants.

It should be noted that justification of these or similar assumptions is not re-
quired to extend pilot rating correlation (as contrasted to prediction) methods as
practiced by MIL-F-8785B to include closed loop performance measures. Furthermore,
it has been shown that by suitable choices of performance measures, tradeoff aspects of
piloted experience can be identified, and correlations with pilot comments as well as
pilot ratings can be obtained, Reference 8.

In summary, specification items must be developed in terms of the most mean-
ingful evaluation items that flight test, flight simulation, and operational experience
can evolve. Once these items are identified, at least the following conditions must be

met for the item to be accepted as a procurement specification criterion:
e The specification item must be numerical.

e The specification item must correlate with pilot comments and
pilot ratings,

o The specification item must be easily measured in flight test or
flight simulation.

® The specification item must be reliably predictable by analytical means
for use in early design and development.
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e The method that predicts the specification item must be applicable in a
completely standardized form that incorporates the most general models
of the candidate aircraft required.

o The specification item must be valid for all current and acceptable aircraft,
and must exclude poor or wnacceptable aircraft.

FLYING QUALITIES PREDICTION METHODS

The preceding analysis of aircraft evaluation and specification has promoted the
following two principles as a basis for developing the subject of flying qualities in a
way responsive to the needs of advanced aircraft development:

e Evaluation and specification items should be developed for individual air- !
planes in a way that most generally reflects the operational requirements;
flight test practice is a good guide for this.

e Specification items, to be useful in design, development, and aircraft im-
provement, must be supported by analytical prediction methods responsive
to the full generality of the flight test evaluation items; it no longer suffices
to limit flying qualities prediction to those quantities that can be calculated
by steady~state, linearized, and transform methods.

Most pilot-aircraft prediction analysis has been concerned with a single axis
tracking task and although this does not represent many flight phases well, it neverthe-
less is a useful description of a pilot's activity during precision maneuvers such as
weapon delivery and landing. By extending flying qualities analysis from the considera-
tion of open loop eigenvalues to the dynamically more complete model of the pilot's
loop closure, approximations to the closed loop control can be obtained. From this
standpoint, pilot — aircraft modeling work has been concerned with matching a simulator
pilot's gain and phase as identified by linear means, and assessing the characteristics
of the loop closure by methods of classical or optimal control theory.

The models developed by these means can also be used to predict the closed
loop tracking statistics of a piloted task such as attitude stabilization in turbulence
or following a randomly generated command, For such problems, the models show
two important characteristics:

o Fixed form gain — lead — delay models agree within a few percent with
flight simulation tracking error statistics.

e Motivated skilled pilots asymptotically trained achieve nearly identical
tracking error statistics,




In this way, pilot — aircraft models are accurate predictors of what operational piloted
aircraft can do during precise tracking. However, there are limitations on this ap-
proach, both in terms of the applicability of the model, and in terms of how the results

have been interpreted. For example:
e Random tracking commands are difficult to relate to operational experience.

e  Much pilot activity and concern is with the ability to make precision discrete
changes in aircraft attitude, flight path or flight condition. These cannot be
represented in a time-invariant manner.

e Flight simulation and pilot — vehicle analysis of a continuous tracking task
are not representative of the full scope of aircraft flying qualities and in no
sense ''do the whole job."

e The common practice of obtaining pilot ratings during highly restricted pre-
cision tracking flight simulations has led to the incorrect assumption that
these ratings reflect an overall rating of the aircraft dynamics simulated.
Ratings obtained in this way reflect only compensation aspects of workload,
and pilot estimates of performance are based only on experience during the
flight simulation, which is not comparable to actual flight experience. For
these reasons, pilot rating prediction methods that are adjusted to such simu-
lation data cannot be regarded as validated predictors of overall ratings ob-
tained from flight test.

e The reliance on single task continuous prediction methods assumes that fly-
ing qualities of an airplane can be fully studied by looking at each piloted
task component separately. It is now widely recognized that the pilot has
available limited attention, sensory, and motor information channel capaci-
ties which produce task interference effects that are severe limitations on
performance in multi-task flight such as landing and weapon delivery.

e A practical limitation on the use and acceptance of single task time-invariant
pilot — aircraft prediction methods has been the failure of most studies on
the subject to subordinate the specific model components to the overall con-
cerns of what the aircraft does, and how well a pilot can make it perform.

® Reports on pilot-aircraft methods often present elaborate arguments concern-
ing model parameters rather than derive time domain statistics and proper-
ties that can be related to flight simulation and flight test. As long as this
tendency persists, the aircraft control design community will continue to re-
gard pilot — aircraft methods as simply "pilot modeling, " 2n esoteric subject
not fully responsive to design and development requirements.

It was indicated above that a pilot's control of an airplane can be conveniently
classified in generic terms of whether his particular flight task is continuous steady-
state or transient and intermittent, and whether he is faced with only one attention
demand, or if several independent activities are under his control. The authors have
recently completed a study for the USAF Flight Dynamics Laboratory that demonstrates
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how these categories of flying qualities problems can be studied in accordance with the

above principles. Reference 3 presents a comprehensive account of these methods,

and Reference 9 gives a brief summary of these results along with examples of how
r flying qualities prediction methods can be developed.
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WORKING SESSTON
Design Criteria

A good cross section of government and industry representatives gathered to
hoar two fine presentations. The first was brought by Duane Choo of Northrop
who described difficulties they encountered in designing the A-9 to meet the
lower Level 1 boundary of the short period frequency requirement. A written
version of Mr Choo's presentation follows this summary.

The second presentation was given by Jim Buckley of McDonnell Aircraft
describing their experience in developing a Six-Degree-of-Freedom-Transfer-
Function Fixed-Based Flight Simulation. The objectives were to investigate
integrator "droop" effects on aircraft handling qualities and to validate this
new concept in simulation. Mr Buckley described the physical characteristics
of the simulator and target tracking task. A typical transfer functionm,

N, /Fs consisted of a first-order numerator, gain, and third-order denominator

to represent the "equivalent" effects of a proportional plus integral flight
control system. Other degrees of freedom were also modified by appropriate
transfer functions. Results showed pilot ratings versus equivalent Control
Anticipation Parameter, wznsp/(nfa), that appear reasonable. Stick force
gradients were also varied to obtain pilot opinion as a function of equivalent
short period frequency. To implement the equivalent model on the simulator,

the transfer function representations were solved (integrated) neglecting
gravity. Then the first-order effects of the nonlinear gravity and coupling
terms were added, giving the full body axis rates. These were (Euler) trans-
formed to output the aircraft motion. A few corrections were required, but
overall the pilots found that it "flew like an airplane." The entire simu-
lation used less than 100K octal core size and one-tenth of the 50 msec available
frame time. Overall it performed very well at one-third the cost of a conventional

simulation.

223

[ S




The final topic of discussion was raised by Lt Rob Crombie of the Flight
Dynamics Laboratory. Lt Crombie desired comments on a proposed inhouse effort
to generate design criteria for statically unstable aircraft. This has been
documented following this Summary. Almost all comments agreed that something
like this is needed. Areas mentioned to examine in this regard were the ability
to trim in a turbulent environment, deep stall recovery, roll-induced interial
coupling (pitch~-up), and control system stability when employing high gains.

The final paper in this section was submitted by Dr Jack McAllister of
General Dynamics. It points out some important lessons in the design of direct

lift control modes.

ROBERT B. CROMBIE, 1/Lt, USAF
Recorder

TIMOTHY P. SWEENEY, ASD/ENFTC
Moderator




COMMENTS ON
MIL-F-8785B (ASG) LOWER LIMIT REQUIREMENTS
ON LONGITUDINAL SHORT-PERIOD FREQUENCY RESPONSE
(BASED ON NORTHROP A-9)

DUANE CHOO
AERODYNAMIC DESIGN
NORTHROP CORPORATION

Introduction

The comments presented here are based on Northrop A-9 prototype close air
support aircraft. During the prototype fly-off program the un-augmented A-9
exhibited a pitch sensitivity problem in the form of load factor overshoots
while recovering from 60-degree dive bombings. These phenomena occurred even
though the A-9 satisfied level 1 requirements as specified in MIL-8785B (ASG).

A-9 Design Criteria

The basic design approach was to provide a low control anticipation parameter (CAP),
(W' /ny ) and low maneuvering force gradient for good weapons delivery accuracy.
The damping ratio was to be at least .5 as required by the AX specification.
The desirability of this approach was indicated by Northrop simulation studies.
During the studies the emphasis was on weapons delivery accuracy using the direct
sideforce control system, although some other maneuvers such as pull-outs were
performed. There was no indication of adverse flying qualities due to low Wnsp
and Fs/n.

Figures 1 and 2 demonstrate the agreement between the predicted and the
flight test obtained data as well as compliance with Level 1 requirements. The
flight test Wnsp and §sp were obtained using the frequency response method where
pilots performed sinusoidal mancuvers at various input frequencies. The flight
test acceleration sensitivity parameter n, was obtained by windup-turn maneuvers.

Flight Test Maneuvers and Problems

One of the maneuvers that had to be performed during the competition flights
was weapons delivery maneuvers, where the pilot initiated a roll-in at nominal
10,000 ft altitude and dived at 60 degrees to release a bomb at 350 kt and 5,000
ft altitude. After the release he was to perform a 4-g pull-out, not to exceed
the allowable limit load factor dictated by the flight safety requirements
(4.3gs to 4.8gs). During these maneuvers the A-9 exhibited some unexpected
flying qualities problems: pitch oscillation of +0.5g during tracking and load
factor exceedance of up to 2g's during pull-outs. Except for the weapon delivery
phase the flight characteristics were generally satisfactory. Following these
the weapons delivery phase of the flight test was terminated until a "fix" was
found to alleviate the problem. The short term "fix" was to increase the stick
force gradient (F_/n ) to reduce the pitch sensitivity. The aircraft was then
acceptable to continue flight test. It should be emphasized here that the over-
shgots occurred only during steep dives, and no other maneuvers including 25 and
45" dive bombings expericnced these.
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Figure 3 is a typical A-9 weapons delivery time history of the 60° dive
profile. The pitch oscillation during tracking and load factor-overshoot during
pull-out are readily discernible. In these maneuvers the pilots attempted to
delay the pull-out and then attain the desired 4g in short time to reduce the
slant range at release for accurate bombing. The roll-in altitude and airspeed
were selected to give a maximum of 6 seconds tracking time.

Pilot's View of Problem

The pilots felt that during the pull-out there was an extended period of
time before the aircraft began to respond (Page 20, Ref. 4). The relatively
large lag (.7 seconds in the example in Figure 3) between the load factor rise
and the pilot's input is probably responsible for this impression of sluggish
response. To overcome this initial sluggishness the pilot would probably apply
a larger than normal input resulting in overdriving the aircraft. This charac-
teristics, in the presence of light stick force, may have cuased the overshoots.
The high values of pilot gain generally associated with high stress or precision
maneuver tcuds to decrease the closed-loop damping ratio and thus induce a mild
pitch oscillation. At low short-period frequency, a relatively low pilot gain
would vresult in neutral stability (Ref. 2). Some pilots apparently alleviated
the overshoot problems by flying it smoothly, while others could not. These
phenomena appear to be symptomatic of low short-period frequency aircraft.

It should be noted that some contributive causes, such as the pitch upset
caused by the sideforce control, undoubtedly aggravated the situation, but it
is believed that these played a relatively minor role,.

Figure 4 shows the results from two well known CAL in-flight simulation
studies where four pilots participated in various simulation tasks to determine
the effects of short-period frequency on flying qualities. For simplicity and
clarity the faired curves rather than the actual test data points are used to
construct Figure 5. In both tests the pilots chose the optimum stick force
gradient, F_/n, as much as possible. To this extent the effect of FS/n on
pilot rating was relatively minor.

Figure 5 shows pilot ratings as a function of CAP in linear scale. It is
evident that there is a very steep gradient near the lower end of CAP value and
the gradient is fairly flat for medium to high CAP value. These characteristics
are evident on a plot in linear scale as opposed to the log scale in the spec.
It appears that there is "flying qualities cliff" necar the low value of CAP.

Figure 6 is intended to show the sensitivity of CAP. Near the lower value
of CAP a 4%c¢ change in maneuver margin is equivalent to approximately 2 points
in PR and a 207% change in weight to pitch inertia ratio corresponds to 1 point
in PR. The same changes in CAP would affect PR very little at higher CAP values.

Conclusions

Near the lower limit of Level 1 short-period frequency requirements, the
following conclusions can be drawn:

a. There exists "flying qualities cliff”.
b. CAP is very sensitive to maneuver margin and external store loadings.

c. There is large PR variation among pilots.
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To accomodate high gain maneuvers it is suggested that a caution note may
be in order to avoid "flying qualities cliff" near the low boundary of Level 1
requirements of short-period frequency response and stick force gradient.
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DEVELOPING DESIGN GUIDES FOR AIRCRAFT HAVING RELAXED
STATIC STABILITY

by

Robert B. Crombie, 1Lt, USAF
Control Dynamics Branch
Flight Control Division
AFWAL/Flight Dynamics Laboratory

This brief paper outlines in-house work being done to develop design
guides to help the preliminary designer account for the effects of pitch
control deflection limits and actuation rate limits on advanced aircraft
designs calling for large levels of negative static margin. Included in
this paper are paragraphs describing the need for these design guides,
the approach currently being taken, the expected results, and the current
status. Any comments or suggestions on these topics will be appreciated.

Need. As advanced flight control systems are able to bear more and
more of the burden of providing good aircraft flying qualities, the need
for designing these aircraft to be aerodynamically stable has been relaxed.
Minimum trim drag during supersonic flight frequently requires advanced
aircraft to be statically unstable in the subsonic flight regime to levels
previously thought to be too risky. Reduced static stability also offers
enhanced agility to combat aircraft. Increased operational flexibility
in terms of fuel, stores, and payload can be realized by expanding the
allowable center of gravity envelope. All of these benefits can be
realized by properly augmenting the aircraft flight control system within
the limits of the available control power. Dangerous conditions can be
encountered when the control power required exceeds that available. Good
preliminary design practice requires that, as the required level of static
instability is being estimated, an assessment be made of the control
power required. Tradeoffs can then be made in terms of control surface
size, location, deflection limits and actuator power.

The goal of this effort is to develop general preliminary design
charts that will indicate, as a function of bare airframe static stability
level, an estimate of the control power requirements to retain good

aircraft flying qualities at low speeds in a turbulent atmosphere.
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Methods. To accomplish this goal, two methods will be used. Both
approaches utilize standard two degree of freedom aircraft equations of
motion assuming constant forward speed. A simple flight control system
will feed back pitch rate and angle of attack signals to provide short-
period frequency and damping to levels specified in MIL-F-8785B. The
flight conditions of crucial interest in this study are low-speed flight
in turbulence where the flight control system will make large demands on
the pitch control surface.

The first method is a computer program that generates linear and
non-linear aircraft time responses to discrete (l-cosine) gust inputs.
Each gust will be tuned to the damped natural frequency of the aircraft
and flight control system as specified by MIL-F-8785B. Variations in the
key total stability derivatives (e.g. M, Z,) will be made. The non-
linear effects of pitch control surface rate and deflection limits can
easily be programmed.

The second method uses the describing function approach to non-linear
systems analysis. Describing functions can model the effects of both rate
limits and position saturation in terms of an equivalent linear system.
Random turbulence or sinusoidal pilot inputs can be modelled using various
forms of the describing function.

Expected Results. One result that follows naturally from the describing

function approach is a measure of the dggradation of flying qualities
parameters (wnsp’ Csp) as limiting is encountered. Therefore, achievable
levels of flying qualities can be plotted versus relaxed stability level.

A result of the non-linear gust response approach is a plot showing
the location of a divergence bouncdary where a gust of given magnitude causes
the pitch control surface to reach a deflection limit and diverge in angle
of attack. Oscillatory divergences can be encountered when actuation rate
limits are a factor.

Finally, linear time responses will show maximum response magnitudes
as a function of relaxed stability level or the roots of the open-loop
characteristic equation.

These results should be useful to the aircraft design community.

In the preliminary design phase where significant parameters have been

estimated (e.g. CLa’ Cma’ Iy, Cmée) one could use the above results to:




a. Evaluate whether pitch control limiting could take place at a
given flight condition, and if so,

b. Evaluate quantitatively the degradation in flying qualities that
would occur, or

c. Determine whether divergence will compromise a configuration's
safety of flight, and

d. Design a pitch control surface that will be effective enough to
avoid the above mentioned problem areas.

Status. As of mid-January 1980, the equations of motion and applicable
transfer functions have been derived and programmed. Feedback gains have
been derived analytically based upon the bare airframe characteristics
and the desired levels of flying qualities parameters. The linear and
non-linear time history programs have been checked out and gust responses
are being tabulated. The applicable describing functions have been
developed for random and sinusoidal inputs.

Summary. This paper has outlined an in-house effort to develop design
guides for aircraft having relaxed static stability. The critical flight
conditions to be investigated are turbulence and gust encounters at low
speeds. The problem that arises is that the flight control system, which
attempts to maintain good flying qualities, demands pitch control surface
deflections or deflection rates that are inappropriate or unavailable.
The effects of discrete gusts will be investigated using linear and
non~linear time response computer programs. Random turbulence effects
will be modelled using the describing function method of non-linear
systems analysis. Expected results of each method have been described

and the current status of the effort has been given.
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SOME FLYING QUALITIES IMPLICATIONS

OF AN AUTOMATED DIRECT LIFT MECHANIZATION

Dr. J. D. McAllister
General Dynamics, Fort Worth Division

One of the unique flight control modes developed and evaluated in the
Fighter CCV Program, Reference 1, was an automated Direct Lift Mechanization
named Maneuver Enhancement. A brief overview of this mechanization and the
associated operating characteristics are given in Chart 1. The basic
objective of the mode is to quicken Ay response by automatically commanding
symmetrical flap deflection to minimize the transient difference between
the pilot's Ay command and the measured aircraft response.

The most definitive pilot evaluation of the Maneuver Enhancement, in
comparison to the baseline Prototype F-16 flight control system, was
obtained in air-to-air tracking evaluations using the HQDT technique of
Reference 2. The overwhelming consensus of the six evaluating pilots was
that Maneuver Enhancement was a desirable improvement for air-to-air track-
ing. Chart 2 contains a sample comparison of tracking accuracy data
obtained during one flight by a single pilot. The measured data confirms
the pilot comment that tracking is improved with the Maneuver Enhancement
mechanization. This particular pilot was also able to demonstrate further
improvements in tracking accuracy by use of the manually commanded Direct
Force Modes in conjunction with conventional manual control. However, other

pilots were not able to improve tracking performance by combined manual
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commands to the Direct Force (Ay and Ay) Modes and conventional control modes.
This fact is illustrated in the statistical data summarized in Char: 3.

Since the Maneuver Enhancement Mechanization involved only control law
changes (no alteration of the cockpit controllers or basic pilot control
technique), it is logical to conclude that the significant improvements due
to Maneuver Enhancement will be evident in the dynamic response character-
istics for this mode. These characteristics are considered below.

Charts 4 and 5 contain computed time history data for the Prototype F-16
and the Maneuver Enhancement Control Modes subject to a 1.0 g step change in ?
the commanded Ay value. These data are for the nominal conditions of the
in-flight HQDT evaluations discussed above, 0.8 Mach at 20,000 ft. altitude. ;
Chart 4 demonstrates that Maneuver Enhancement quickens the Ay response
while leaving the pitch rate and attitude responses essentially unaltered.
Based upon these data, the equivalent lower order system representations of
Maneuver Enhancement effects would be quite different depending upon the
transfer function approximated, 8/Fg or Ay/Fg.

Quickening of the flight path response,ht‘ , by Maneuver Enhancement
is illustrated by Chart 5. Note that the quickened flight path response 1
more nearly approximates the unaltered pitch attitude response, A 6. It
is thus presumed that precise regulation of flight path as well as attitude
are of basic importance for the manual air-to-air tracking task. In fact,
it may be desirable to have essentially identical pitch angle and flight
path responses such that all flight path changes are visually displayed to

the pilot in terms of attitude changes.




In view of the above discussion, it is concluded that application of
an equivalent systems approach to flight controls systems with automated
Direct Lift should:

(1) Include consideration of all transfer functions relevant to

the pilot task being considered.

(2) 1Involve specific checks to assure the resulting low order

transfer functions preserve the key interrelationships between

the pertinent transfer function characteristics.
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WORKING SESSION
Specification Criteria

Moderator: David J. Moorhouse
AF Flight Dynamics Lab

The first order of business was Chick Chalk's review of the movie "10".
Because of the fixed-base, visual-only presentation plus a very poor feel
system, Mr. Chalk felt that any evaluation he made would be suspect.

Carl Crother of Rockwell made an informal presentation (follows this
summary) on his work with equivalent systems applied to the B-1. This
interesting presentation naturally led into further discussion of equivalent
systems in general. One point in the presentation is that pilot comments
indicate Level 1 flying qualities for configurations with time delays as high
as 0.15 seconds. This apparently contradicts the value of 0.1 seconds
previously proposed (see e.g. Hodgkinson in AFFDL-TR-78-171). A'Harrah
suggested that the problem is with the algorithm to predict rating as well as
the time delay. A mechanical system does not meet the phase lag requirement
of 3.5.3*% without augmentation. Therefore, there are the effects of different
time delays to consider. It was also pointed out that there is still a
possibility that allowable equivalent time delays for Class II1 aircraft will
be different from those for Class IV aircraft. It should be noted that all

the previous published work has been for Class IV configurations and should be

used in that context.

*MIL-F-8785B, paragraph 3.5.3, Dynamic characteristics, contains such
requirements in the form of maximum phase lag of control surface deflection
to pilot input. MIL-F-8785C revises this requirement to include also
include maximum equivalent time delays

AL ol v iy




Some of the "problems" of the equivalent system approach were voiced.
A different equivalent system is required for gust inputs than for control

inputs. Twisdale mentioned minimization problems in obtaining the "best"

equivalent system. Crother added that a large part of his effort had been
the software development in minimizing the cost function. A'Harrah countered
by saying in NASC and McAir experience with the use of equivalent systems, a
flexible approach to the cost function is required. The simple cost metric
is only a part of the answer.

Schuler suggested that the problems of matching an equivalent system to
an actual response were analogous to the problems of parameter identification.
In general, one variable is required for each degree of freedom; it may be
possible to match the time response but there are other considerations; and
variables other than pitch attitude response need to be considered for the
longitudinal axis. McAllister extended those comments using his experience
with CCV configurations. As an example Maneuver Enhancement quickens the
normal acceleration response relative to the pitch response. The two responses
do not necessarily have the conventional relationship. The pilot task is the
first consideration in determining which variable, or variables, to match with
an equivalent system. Moorhouse stated that the use of the equivalent system
approach in the specification, at this time, was an attempt to upgrade
MIL-F-8785B and cure some deficiencies. MIL-F-8785B contains requirements on
the short-period mode, for example, that can now be applied to the equivalent
short-period response of higher-order systems. All modal requirements will now

be applied to equivalent parameters, assuming the configuration flies in a
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"conventional manner'". The change will not allow the specification to be
applied to configurations, such as CCV airplanes, that it did not apply to
before. Finally, Hodgkinson stated that a primary use of equivalent systems
at McAir was to obtain a better understanding of the higher-order responses.
For example, an early application of equivalents at MCAIR was to the maneuver
enhancement CCV mode. The new equivalent flight path time constant is a
direct measure of response quickening, and a separate application of MIL-F-
8785 requirements to the pitch and normal load factor responses, matched
separately, is effective. This is described ii MCAIk Paper 1976-009, pre-
sented at the 7th Pittsburgh Conference on M:lzlls, and Simulation in 1976,
Equivalent systems should not be construed uis an inflexible mould into which
all dynamics should be forced. Equivalents, rroperly interpreted, are
merely a way of extracting simple flyin: gqualities parameters from compli-
cated dynamics.

Schuler questioned the approach of specifying an equivalent time delay,
pointing out that the data base for the short-period requirements in MIL-F-
8785B included some time delay. Moorhouse agreed, adding that one potential
benefit of Mayhew's criteria had been the possibility of trading off time
delay with other parameters. The use of a time delay value in MIL-F-8785C
was, in effect, doing what was suggested, i.e. putting a bound on the equiv-
alent time delay for which the existing data applied. A'Harrah added that
the current data base does support a single value of equivalent time delay
[with the previously-mentioned qualification of being derived from data on

Class IV configurations].
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A change of subject was introduced by Siewert - he suggested that MIL-
F-8785C is the last paper specification, Use of OMB Circular Al90 would
dictate performance specifications as the only solution. He cited the
example of the F-111B specification - it incorporated the latest flying qual-
ities criteria, which later turned out to require modification. The moral
may be that too precise a specification is a mistake. Chalk raised the
question of whether the use of such specifications would take the need off
the government to sponsor research. McAllister added the thought that
engineers can do a good job of design if they know what is required. The
problem then becomes one of stating the requirements in terms the engineers
can understand. As an afterthought: that theme may be extended by stating
that the problem lies in defining the requirements in terms that everybody
understands, engineers of different disciplines and terminology, management,
procrurement, etc. .

Twisdale commented on the recent programs to obtain flying qualities
data for landing approach, such as LAHOS. The work done at the AF Flight
Test Center seems to indicate that air-to-air tracking is a more demanding
task than landing approach. The Handling Qualities During Tracking (HQDT)
technique was developed to fully exercise the airplane. In answer to a
question, Twisdale asserted that the technique is not just oriented towards
the pitch axis, but also will uncover lateral-directional problems. There
is still a problem, however, with the “super sharp pilot" who may recognize
and compensate for deficiencies in an airplane's flying qualities, so that
the tracking performance measurements are misleading. A study of pilot com-
ments, and maybe even an analysis of his dynamics, is required to get the

total story.
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The status of pilot-induced oscillation (PIO) requirements was requested,
The draft MIL-F-8785C contains the suggested criteria of Ralph Smith (see
AFFDL-TR-77-57) . Smith added that he was trying to write a system specifi-
cation, which the requirement in MIL-F-8785B, paragraph 3.5.3, was not. He
felt that his phase criterion could be integrated with a revision of 3.5.3. !
The pilot time delay used was based on a correlation of the results for both
the T-38 and YF-12. A'Harrah suggested that more validation was required,
and Smith added that he had not had a chance to screen 'good configuration'
against the criteria. Twisdale stated that the PIO criteria were used at
AFFTC in explaining an F-15 characteristic. Hodgkinson points out that
the F-15 characteristic is predicted very clearly by the modal requirements
of MIL-F-8785. As described in AFFTC-TR-76-48, the pitch oscillations occur
at supersonic conditions with augmentation off, where short period damping
ratio is around .10. The augmented F-15 is in Level 1 and does not experi-
ence the oscillations. Therefore the unaugmented F-15 experience definitely
does not justify the need for the PIO criterion. McAllister added that he
saw the need for using the criteria as early as possible in the design phase.
Acceptance of relaxed stability was questioned, the draft MIL-F-8785C
still allow an instability with time to double amplitude greater than 6 seconds.
A'Harrah stated his opinion that definite benefits would have to be demon-
strated for anything more unstable than a neutral maneuvering margin.
Schuler commented on the continually growing complexity of modern sys-
tems. As an example he cited the many unanswered questions pertaining to
rate command/attitude hold functions - by definition a nonlinear system with
the controlled and uncontrolled responses different. He ended with a plea
for some control over what a digital computer should be asked to do, or

allowed to do.
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The discussion wound down with one or two random comments, such as
pilot-tailored flying qualities (?).

In summary the workshop was well attended, with a mix of government and
industry personnel. The use of equivalent systems received the majority of
attention, in part because of their use in the draft MIL-F-8785C. The
justification and substantiation has been published a number of times. The
discussion of "problems" in this workshop is positive in recognizing that
still more work is required. The list might include: (i) equivalent system
requirements need to be formulated for Classes of airplanes other than
fighters; (ii) further consideration of lateral-directional axes is required;
(iii) extension is required to 6 degree~of-freedom (CCV) applications; (iv)
further consideration of the frequency range required for matching the
equivalent system, possibly defining a range of pilot-frequency content for
each particular task.

Another discussion topic without an answer is the subject of performance
requirements. The problem here is specifying required performance with a
human pilot in the loop, plus acceptability to that pilot. Compliance
demonstration becomes a problem of choosing the pilot, or pilots, to do
the flight tests. Signal Corps Speciffcation No. 486 is frequently cited
as a model of a performance specification. The total task, however, was
solely to fly - a fairly simple requirement to judge, Since this is an
involved subject with many aspects and many opinions, it may well be an

1deal subject for a future Flying Qualities Symposium.
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EQUIVALENT SYSTEM MODELLING
OF THE AUGMENTED B8-1
BY
C.A. CROTHER*- B. GABELMAN*

Recent, advanced aircraft have exhibited flying qualities character-
istics which do not fit the mold of the MIL-F-8785B specifications. The
high order system (HOS) dynamics of these vehicles occur because complex
flight control systems and/or unusual vehicle response modes are utilized.
To render judgement on the flying qualities of these vehicles some method
must be provided to describe these high order dynamics in terms correla-
table to 8785B specifications. In recent years, such a method has
attracted much attention. The concept of equivalent system modelling has
shown promising results (Ref. 1) and, in fact, has been recommended as a
method for assessing 8785B specification compliance (Ref. 2).

Most, if not all, of the equivalent system data described in the
literature are based on fighter type aircraft. A brief examination of
the applicability of the equivalent system concept to a large flexible
aircraft, 1ike the B-1, was made and the results are described below.
The above comments are summarized in Chart 1.

A block diagram of the B-1 longitudinal flight control system is
shown in Chart 2. Elements of interest are: 1) the parallel mechanical
and electrical command paths, 2) stick prefilter, 3) the structural low
pass and notch filter in the feedback path and 4) the summed pitch rate
and normal acceleration signals in the feedback with compensation.

Five flight conditions were examined and they are listed in Chart 3.
Condition 1 is considered Category C, Conditions 2, 3 and 5 are Category
A, while Condition 4 can be considered Category 8.

The high order transfer functions for pitch rate to pitch input force
for the 5 flight conditions are listed in Chart 4. The order is: numerator
9th, the denominator 12th.

The Tow order system (LOS) model used for the matching is shown in
Chart 5. The mismatch measure is shown as the error algorithm and a pre-
dicted pilot rating algorithm is also listed. The rating algorithm is taken
from Ref. 2 and is based on fighter aircraft data obtained in flying qualities
flight test experiments (Ref. 3). Two sets of model data for the B-1 are
shown, one with the L4 term fixed at the aircraft value and the other with
L« being a variable in the matching process. The observations to be made

* Flight Controls Analysis - North American Aircraft Division
Rockwell International

253




are: 1) equivalent time delays are large except for the L« free Condition 1,
2) thel.a fixed and free values are close except for Condition 1, 3) the
equivalent damping ratios and frequencies are reasonable and 4) the mismatch
values are acceptable.

The technique used for the frequency response curve fitting was a combi-
nation of search and minimization procedures. Approximate relationships were
derived for k (the gain), T (the time delay) and wn (the undamped frequency)
based on the HOS data in the 0.1 to 10.0 rad/sec frequency range. A square
grid search was implemented using the remaining two unknowns, Lo and ¢ .
The best guess (minimum error) resulting from the above relationships and
search was then used as the starting point for a minimization routine based
on a quasi-Newton method (Ref. 4).

Examples of the curve fits obtained, in terms of Bode plots and transient
responses are shown in Charts 6 through 15.

Charts 16 and 17 compare the short period frequencies obtained from the
HOS and LOS data and presented in the 8785B Wnsp vs. N/x format. For
several of the flight conditions, flight test measured augmented short periods
are also depicted. The N/« 's used are based on the aircraft's analytical
aerodynamic derivatives. For Conditions 3 and 5, the LOS data with L o fixed
do not meet the Level I requirements. The LOS L4 free data do meet the
requirements but if N/« 1is recomputed based on N/ax = u x L « free, the points
move as indicated and, except for Condition 4, become unacceptable.

The known B-1 flying qualities as measured by simulation and flight test
pilot ratings are listed in Chart 18. In each condition, the ratings are
Level I. The equivalent system data indicate unacceptability based on the
large time delays (Level I requires T < .10 sec, Ref. 2), the Wnsp vs. N/a
data and the pilot rating predictive algorithm (admittedly derived from fighter
aircraft data). These results clearly indicate the necessity for continued
development of the equivalent system criteria for large aircraft applications.

Since the B-1 control system has a fairly large stick prefilter (t = .5sec),
an examination was made of the prefilter's effect on the equivalent time delay.
Chart 19 presents the results. The removal of the prefilter does reduce the
time delay but not enough to bring it to Level 1. The plot shown on the bottom
of Chart 19 illustrates the need for the prefilter. Without the prefilter the
pilot tends to excite the B-1's structural modes in an unacceptable fashion.

In summary, this study shows the B-1 exhibits HOS characteristics, the
LOS match predicts poor pilot ratings which are at variance with known B-1
ratings and, consequently, more work must be directed to B-1 type vehicle
criteria.
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JOHN HODGKINSON, McDonnell Douglas: The work which you referenced was based
on T-33 data. Would you like to comment on the relevancy of such fighter

type data to your findings based on the B-1?

ANSWER: It is certainly true that the referenced work was generated using
T-33 data. But that is part of the reason for my looking into the B-1 data.
No equivalent system data had been generated for large aircraft but criteria
based on the T-33 work were being considered for MIL-F-8785C inclusion.
Particularly in regards to equivalent time delay, the implication of Ref. 2
was that the time delay criterion of .10 sec was not restricted to aircraft
class. 1 think the B-1 data just points up the need for more work in equiv-

alent system criteria development for Class III aircraft.
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